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INTRODUCTION  
This course will provide the student with a solid background on energy conversion and storage 
technologies, including materials, devices and systems. This course will be particularly valuable 
for those students who may find themselves in situations involving the use of large battery 
systems, or managing programs where such systems are designed, developed or procured. In 
addition to class lectures, laboratory demonstrations will be included, along with special 
seminars with distinguished lecturers from other institutions and industry. Given the Navy’s 
historic use of battery technology in submarines and aboard other platforms, the course will 
begin with electrochemical energy storage technology, and will then move into physics-based 
energy conversion devices. The course will end with a discussion nuclear energy, as an ultimate 
benchmark for the specific energy of fuels and storage devices, and with a discussion of the 
worldwide energy supply and demand, so that the opportunities for each technology taught in the 
course can be seen in the light of future opportunity. 
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ENERGY STORAGE  
Energy storage technologies will include a wide range of primary and secondary battery 
systems. The primary battery systems include: (1)conventional primary batteries; (2) air 
breathing batteries, such as zinc-air and lithium-air systems; (3) seawater batteries, including 
magnesium-seawater systems; and (3) thermal batteries. Secondary batteries to be discussed in 
the course include: (1) lead-acid; (2) silver-zinc; (3) nickel-cadmium; (4) nickel-metal hydride; 
(5) lithium-ion; (6) sodium-beta batteries, including the sodium-sulfur and ZEBRA systems; (6) 
nickel-hydrogen; and (7) regenerative fuel cells. These technologies are relevant for a wide 
variety of applications, many of key importance to the war fighter, including but not limited to 
wireless communications, portable computing, uninterruptable power systems, various robotic 
systems, including but not limited to well-known robots such as Talon, electric and hybrid 
electric vehicles, more exotic vehicular applications such as manned and unmanned underwater 
vehicles, and various aerospace applications including satellites.  
ENERGY CONVERSION  
Energy conversion technologies covered in the class include: (1) fuel cells; (2) renewable 
sources of fuel; (3) photovoltaic devices; (4) thermoelectric generators, including those with 
radioisotope sources; and (5) small modular nuclear reactors (4). Other special topics will also be 
discussed, including the possibility of generating electrical energy with wind and wave power. 
The course will end with a discussion of the prospects of obtaining energy in the future from the 
full range of sources, so that the student can appreciate each technology in the context of its 
global importance. 
A sound basis will be provided so that the student can understand the limitations in conversion 
efficiency of such devices. The underlying solid-state chemistry and physics, electro-chemistry, 
thermo-chemistry, transport phenomena, and materials science for each system will be reviewed 
in detail. For example, in addition to learning the electrochemical reactions for each relevant half 
cell, and other important chemical reactions, such as those responsible for thermal runaway in 
large lithium-ion battery systems, the student will become familiar with both the theoretical and 
practical capabilities and limitations of each technology, including technology costs. The student 
will learn to do rudimentary battery assessments and designs, to determine the maximum 
possible specific capacity and capacity density, specific energy and energy density, and specific 
power and power density of such systems. 
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LEARNING OBJECTIVES  
The objectives of this course are to provide student with:  
1. Solid theoretical and technical understanding of those electrochemical energy conversion and 
storage devices important to the Navy’s current and future missions: 
a. Primary (disposable) batteries, including seawater and air breathing cells. 
b. Secondary (rechargeable) batteries including lead-acid, nickel-cadmium, nickel-metal 
hydride, silver zinc, sodium-beta, and lithium ion types. 
c. Fuel cells including phosphoric acid, proton exchange membrane, molten carbonate, 
solid oxide, and direct/indirect methanol, and biological types. 
d. Methods of oxidant and fuel storage, including cryogenic storage, pressurized gas 
storage, and metal hydrides. 
2. Sufficient engineering background to assess the capability of relevant electrochemical energy 
conversion and storage devices – an appreciation of the capabilities and limitations of each. 
3. Basic technical understanding of renewable fuel sources, including hydrogen produced by 
reforming organic feed stock. 
4. Solid theoretical and technical understanding of those solid state energy conversion and 
storage devices important to the Navy’s current and future missions: 
a. Photovoltaic devices 
b. Thermoelectric generators 
c. Peltier coolers 
5. Sufficient engineering background to assess the capability of relevant solid-state energy 
conversion and storage devices – an appreciation of the capabilities and limitations of each. 
6. Rudimentary understanding of the capabilities of small modular nuclear reactors, primarily to 
serve as a bench mark against which other energy sources can be compared. 
7. Sufficient background and understanding to make informed policy decisions pertaining to 
future civilian applications of nuclear energy. 
8. Rudimentary understanding of energy availability from the recent past, through the present, 
and projected through 2030, with insight into the role of the various energy conversion and 
storage technologies in the Nation’s future.  
9. Sufficient background and understanding to fully appreciate the energy challenges facing the 
United States through 2030, and to make informed energy policy decisions in the future. 
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TEXT BOOKS &  SOURCES  
1. David Linden, Thomas B. Reddy, Handbook of Batteries, 3rd Edition, McGraw-Hill, San 
Francisco, California, 2002 
2. A. J. Appleby, F. R. Foulkes, Fuel Cell Handbook, Van Nostrand Reinhold, New York, 
New York, 1989, 762 pages. 
3. Allen J. Bard, Larry R. Faulkner, Electrochemical Methods, Fundamentals and 
Applications, John Wiley & Sons, New York, New York, 1980. 
RECOMMENDED READING &  SOURCES  
1. Smart, Leslie, and Elaine Moore, “Solid Electrolytes, Defects and Non-Stoichiometry,” 
in Solid State Chemistry, 2nd edition, 172–184. Cheltenham: Stanley Thornes Publishers 
Ltd., 1998. 
2. Stanley W. Angrist, Direct Energy Conversion, Third Edition, Allyn and Bacon, 
Incorporated, Boston, Massachusetts, 1976, 483 pages. 
3. Renewable Energy, Sources of Fuels and Electricity, Thomas B. Johansson, Henry Kelly, 
Amulya K. N. Reddy, Robert H. Williams, Editors, Island Press, Suite 300, 1718 
Connecticut Avenue NW, Washington, District of Colombia, 20009, Covelo, California, 
1992, 1160 pages. 
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Homework Problems for Quarter – Select Three for Each Chapter 
CHAPTER 1  –  ELECTROCHEMICAL ENERGY CONVERSION  &  STORAGE DEVICES  
1. Provide biographical information on Faraday. Write down Faraday’s law and discuss its 
significance. Calculate the specific capacities of hydrogen, lithium, zinc and iron. What 
impact does temperature have on specific capacity? 
2. Provide biographical information on Laplace, Nernst, Planck and Tafel. Write down the 
Nernst-Planck equation for the one-dimensional case, and discuss the physical significance of 
the terms. When is it appropriate to account for electromigration in electrochemical cells, and 
when can electromigration be neglected? 
3. Given the half-cell voltages for hydrogen and oxygen, calculate the open circuit voltage for a 
fuel cell operating at standard conditions. What impact does temperature have on the 
calculated cell voltage? Illustrate with calculations at both 30 and 90°C. 
4. You are designing a fuel cell system, using hydrogen as fuel, and have the option of 
supplying the air cathode with either pure oxygen or air. What is the open circuit terminal 
voltage of this simple electrochemical cell when being supplied with pure oxygen? What is 
the open circuit terminal voltage of this simple electrochemical cell at standard 
temperature/pressure when being supplied with air? What is the open circuit terminal voltage 
of this simple electrochemical cell at standard temperature/pressure when being supplied 
with air? 
5. Given the half-cell voltages for zinc and oxygen, calculate the open circuit voltage for a 
metal-oxygen battery operating at standard conditions. What impact does temperature have 
on the calculated cell voltage? Illustrate with calculations at both 30 and 90°C. 
6. What is the mass-transport limiting current density for the deposition of zinc onto an 
electrode from a concentrated electrolyte, where you can assume that the effects of 
electromigration are insignificant, and where the liquid phase diffusivity is approximately 
1×10-5 cm2/sec? First, make a steady-state approximation based upon the mass flux, 
assuming a constant diffusion layer thickness. Next, apply the Cottrell and Sand equations. 
Finally, do a calculation assuming concentration variation in a constant reservoir volume. 
7. Given the half-cell voltages for lithium and oxygen, calculate the open circuit voltage for a 
metal-oxygen battery operating at standard conditions. 
8. You are designing a metal-air cell system, using lithium as the anode, and have the option of 
supplying the air cathode with either pure oxygen or air. What is the open circuit terminal 
voltage of this simple electrochemical cell when being supplied with pure oxygen? What is 
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the open circuit terminal voltage of this simple electrochemical cell when being supplied 
with air? What is the specific capacity of the anode? What is the specific energy of your 
battery? What is the energy density of your battery? What problems do you foresee? 
CHAPTER 2  –  PRIMARY BATTER IES  
1. In your own words, define the term primary battery. 
2. Give the open circuit voltage, specific energy and energy density of the oldest primary 
battery discussed, and provide biographical information on the inventor. 
3. Give the open circuit voltage, specific energy and energy density of the primary battery with 
the highest specific energy discussed. Discuss unique features of this battery that makes it 
perform as well as it does. What are its limitations? 
CHAPTER 3  –  SECONDARY BATTER IES  
1. In your own words, define the term secondary battery. 
2. Give the open circuit voltage, specific energy and energy density of the oldest secondary 
battery discussed, and provide biographical information on the inventor. 
3. Give the open circuit voltage, specific energy and energy density of the primary battery with 
the highest specific energy discussed. Discuss unique features of this battery that makes it 
perform as well as it does. What are its limitations? 
CHAPTER 4  –  SODIUM BETA BATTER IES  
1. Design a simple Na/β″-Al2O3/S battery for use at 300°C. Specify the materials to be used, 
and critical dimensions to be used in the battery. Calculate the voltage drop across the solid-
state electrolyte as a function of current density and electrolyte thickness. Calculate the 
specific energy, energy density, specific power and power density of your system. What 
problems do you foresee? What is the effective daily self discharge rate, and what is the 
primary mechanism of energy loss? 
2. Design a hypothetical Na-K/β″-Al2O3/S-Br battery for use at 30°C. Specify the materials to 
be used, and critical dimensions to be used in the battery. Calculate the voltage drop across 
the solid-state electrolyte as a function of current density and electrolyte thickness. Calculate 
the specific energy, energy density, specific power and power density of your system. What 
problems do you foresee? Discuss safety implications associated with this system. 
3. Assess the market potential for both of your devices. 
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CHAPTER 5  –  L ITH IUM ION BATTERIES  
1. Assuming the anode current collector is a 20-micron copper foil, the cathode current 
collector is a 20-micron aluminum foil, a 20-micron thick polyolefin separator, and a liquid 
phase electrolyte, design a lithium ion cell with the 18650 format, assuming that graphite is 
used as the anode material, and that LiCoO2 is used as the cathode material. State all 
assumptions pertaining to active material coatings. What is the open circuit terminal voltage 
of this lithium-ion cell? Calculate the specific energy and energy density of your cell?  
2. Assuming the use of 20-micron copper foil as the current collector for the anode, the use of 
20-micron aluminum foil as the current collector for the cathode, and a 20-micron thick 
polyolefin separator, a liquid phase electrolyte, design a lithium ion cell with the 18650 
format, assuming that Li-Si nanowires are coated onto the copper foil used as the anode 
material, and that Li-Co3O4 nanowires arrays are coated onto the aluminum foil and used as 
the cathode material. State all assumptions pertaining to active material coatings. What is the 
open circuit terminal voltage of this lithium-ion cell? Calculate the specific energy and 
energy density of your cell? What practical problems do you foresee with such a battery? 
3. What is the packing density of 18650 cells? What is the maximum possible specific energy 
and energy density of a battery pack constructed with a series-parallel array of 18650 cells? 
4. You are designing a 6-kWh battery pack for use aboard an autonomous vehicle. What is the 
size and weight of such a battery pack with the standard MCMB/LiCoO2 active materials? 
What is the size and weight of such a battery pack with the hypothetical Si-NW/LiCo3O4-
NW active materials?   
5. Assess the market potential for both of your devices. 
CHAPTER 6  –  ENERGY CONVERSION &  STORAGE WITH  FUEL  CELLS  
1. From the photographs in the notes, estimate the size and capacity of the cryogenic 
oxygen storage tank sitting above the pressure hull of the Type 212a submarine? What is 
the equivalent stored capacity in amp-hours? 
2. From the photographs in the notes, estimate the size and capacity of the solid-state Fe-Ti 
hydride storage canisters surrounding the lower portion of the pressure hull of the Type 
212a submarine? How much hydrogen can be stored? What is the equivalent stored 
capacity in amp-hours? What temperature is required to liberate the hydrogen? 
3. From the photographs in the notes, estimate the size and capacity of hypothetical solid-
state hydrorgen storage canisters, filled with a medium having the hydrogen storage 
capacity of magnesium, surrounding the lower portion of the pressure hull of the Type 
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212a submarine? How much hydrogen can be stored? What is the equivalent stored 
capacity in amp-hours? What temperature is required to liberate the hydrogen? Does this 
system appear to be limited by its oxygen or hydrogen supply? 
4. Assuming that under load that one cell of the Siemens PEMFC system operates at 
approximately 0.7 volts, how much energy stored aboard the Type 212a submarine? 
5. Estimate the energy requirements (propulsion and hotel load) for the Type 212a 
submarine. Based upon your estimates, what is the endurance of this platform? 
CHAPTER 7  –  H IGH PERFORMANCE ELECTROLYTIC  CAPACITORS  
1. Define the diffuse electric double layer and the compact electric double layer. State the 
Gouy-Chapman theory mathematically, describing the physical significance of each term. 
2. State the Stern-Modification of the Gouy-Chapman theory mathematically, describing the 
physical significance of Stern’s modification to the theory. 
3. How is energy stored in an electrolytic capacitor? 
4. Design a simple parallel plate capacitor with 20-micron metallic foils. What is the specific 
energy and energy density of the capacitor? 
5. Design a slightly more complex capacitor with a high-surface area conductive material, 
having a specific surface area of 2000 m2/g and an effective density of 0.5 g/cm3, coated onto 
20-micron metallic foil. What is the specific energy and energy density possible with this 
capacitor? State any assumptions made regarding the thickness of the porous high-surface 
area layer, and discuss the implications of shelf shielding. 
CHAPTER 8  –  RENEWABLE FUELS  
1. How much gasoline is consumed each year by the United States, Europe and China? 
2. How much ethanol is required as a substitute for this gasoline? 
3. How much corn must be grown to produce this quantity of ethanol, and how much land mass 
must be cultivated for corn production? What fraction of the farm land in the United States, 
Europe and China does this represent? Why or why not? 
4. How much sugar cane must be grown to produce this quantity of ethanol, and how much land 
mass must be cultivated for sugar cane production? What fraction of the farm land in the 
United States, Europe and China does this represent? Is this practical? Why or why not? 
5. How much hydrogen can be produced by reforming this ethanol? Draw a simple process flow 
diagram for the conversion of ethanol to hydrogen, and provide a simple mass balance for the 
flow diagram. 
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CHAPTER 9  –  PHOTOVOLTAIC  ENERGY CONVERSION  
1. Perform a search of the web and published literature. Sketch the photovoltaic device now 
believed to have the highest conversion efficiency, specifying all materials used in the 
design. What is the efficiency? 
2. What fraction of the world’s agricultural land would have to be covered with photovoltaic 
cells operating at 12% efficiency to supply the world’s electricity needs in 2030? 
CHAPTER 10  –  THERMOELECTRIC ENERGY CONVERSION  
1. Design a simple thermoelectric generator with the Bi2Te3 class of materials, operating at 
approximately 200°C, and calculate the dimensionless figure of merit, the maximum possible 
efficiency, and the power density of this device.  
2. Design a simple thermoelectric generator with the PbTe class of materials, operating at 
approximately 325°C, and calculate the dimensionless figure of merit, the maximum possible 
efficiency, and the power density of this device.  
3. Design a simple thermoelectric generator with the SiGe class of materials, operating at 
approximately 500°C, and calculate the dimensionless figure of merit, the maximum possible 
efficiency, and the power density of this device. 
CHAPTER 11  –  NUCLEAR ENERGY OPTION  
1. What is the maximum practical U-235 enrichment in a hypothetical modular nuclear reactor 
for a civilian application, such as power generation for a small fishing village in Alaska? 
2. What is the specific energy and energy density of such a reactor, based upon uranium metal, 
as well as total reactor mass and volume, and how does that compare with lithium ion battery 
technology and regenerative fuel cells? 
3. How many 1-GWe light water reactors would have to be built to supply all of the world’s 
electricity needs in 2030? How much uranium will be required annually to fuel these 
reactors? How much spent nuclear fuel will each of these reactors generate during a 60-year 
service life? How many equivalent Yucca Mountain repositories will be required for the 
disposal of this spent nuclear fuel, assuming that a single repository can be used to dispose of 
63,000 metric tons of spent uranium fuel (as metal). 
  
 Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
10 | P a g e  
 
CHAPTER 12  –  FUTURE SOURCES OF ENERGY  
1. How much corn would have to satisfy the world’s requirement for transportation fuel in 
2030? How much land mass would have to be cultivated to meet this need? What fraction of 
the world’s agricultural land does this represent? 
2. How much sugar cane would have to satisfy the world’s requirement for transportation fuel 
in 2030? How much land mass would have to be cultivated to meet this need? What fraction 
of the world’s agricultural land does this represent? 
3. How much animal dung would be required to satisfy the world’s requirement for 
transportation fuel in 2030? How much land mass would have to be cultivated to meet this 
need? What fraction of the world’s pasture land does this represent? 
4. How significant are wave and wind energy? Discuss with quantification. 
CHAPTER 13  –  OTHER DESIGN CONSIDERAT IONS  
1. Assuming a 6-kWh silver-zinc battery pack, a stainless steel pressure bottle designed for 
operation at 2,000 feet, and an aspect ratio (length-to-diameter) of 2-to-1, calculate the 
diameter, length and wall thickness of the pressure vessel. Then calculate the specific energy, 
energy density, specific power and power density of the battery pack including the vessel. 
Are there any complications? 
2. Assuming a 6-kWh nickel-cadmium battery pack, a titanium alloy pressure bottle designed 
for operation at 2,000 feet, and an aspect ratio (length-to-diameter) of 2-to-1, calculate the 
diameter, length and wall thickness of the pressure vessel. Then calculate the effective 
specific energy, energy density, specific power and power density of the battery pack 
including the vessel. Are there any complications? 
3. Assuming a 6-kWh lead acid battery pack, an aluminum alloy pressure bottle designed for 
operation at 2,000 feet, and an aspect ratio (length-to-diameter) of 2-to-1, calculate the 
diameter, length and wall thickness of the pressure vessel. Then calculate the specific energy, 
energy density, specific power and power density of the battery pack including the vessel. 
Are there any complications? 
  
 Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
11 | P a g e  
 
Chapter 1 – Electrochemical Energy Conversion & Storage Devices 
OVERVIEW OF  ELECTROCHEMICAL ENERGY STORAGE OPTIONS  
Electrochemical energy storage technologies are relevant for a wide variety of applications of 
importance to the Navy, and society as a whole, including but not limited to wireless 
communications, portable computing, uninterruptable power systems, various robotic systems, 
including but not limited to well-known robots such as Talon, electric and hybrid electric 
vehicles, more exotic vehicular applications such as manned and unmanned underwater vehicles, 
and various aerospace applications including satellites.  
Specific energy storage technologies will include a wide range of primary and secondary battery 
systems. The primary battery systems include: (1) conventional primary batteries; (2) air 
breathing batteries, such as zinc-air and lithium-air systems; (3) seawater batteries, including 
magnesium-seawater systems; and (3) thermal batteries. Secondary batteries to be discussed in 
the course include: (1) lead-acid; (2) silver-zinc; (3) nickel-cadmium; (4) nickel-metal hydride; 
(5) lithium-ion; (6) sodium-beta batteries, including the sodium-sulfur and ZEBRA systems; (6) 
nickel-hydrogen; and (7) regenerative fuel cells.  
To quickly and efficiently develop and appreciation for the relative performance of the 
electrochemical energy storage technologies that have evolved, we begin by comparing the 
specific capacities (charger per unit mass) of each possible anode material, as well as those of 
each possible cathode material. Several of the most commonly used materials are compared in 
Figures 1 and 2, with more detail provided in Tables 1 and 2. Primary and secondary batteries 
are constructed through the appropriate combination of anode and cathode materials, with the 
performance of such devices dependent upon the performance of the constituent active materials. 
An inspection of Figure 1 quickly reveals that the two most energy dense anode materials are 
hydrogen, followed by lithium. From this chart, the importance of hydrogen-powered fuel cells 
and lithium-ion batteries to the future of energy storage is clear. In a similar fashion, an 
inspection of Figure 2 indicates that the most energy dense cathode material is oxygen. While in 
terrestrial fuel cells, the oxygen can be extracted from the atmosphere, in space-based and 
undersea systems, this oxidant must be stored.  
  
 Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
12 | P a g e  
 
However, consideration of the specific capacities of anode and cathode materials alone is 
insufficient to fully define the performance of an energy storage device. Synergistic effects have 
been exploited that rely on a very high specific capacity on one electrode, coupled with a 
material of more modest capacity, but good compatibility and reversibility. Several potential 
primary (irreversible and one-time use) and secondary (reversible and rechargeable) batteries are 
compared in Figure 3, and Tables 3 and 4. 
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Figure 1 – Comparison of several possible anode materials for use in energy storage devices. 
 























































































Comparison of Cathode Materials for Various Types of Batteries
Ah/kg
Ah/L
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Change Specific Capacity 
  g g/cm3 °C V (NHE) charge g/Ah Ah/g Ah/cm3 Ah/kg Ah/L 
Pb 207.20 11.34 327 -0.13 2 3.87 0.26 2.90 260 2900 
Cd 112.40 8.65 321 -0.40 3 2.10 0.48 4.10 480 4100 
Zn 65.40 7.14 419 -0.76   1.22 0.82 5.80 820 5800 
Fe 55.80 7.85 1528 -0.44 2 1.04 0.96 7.50 960 7500 
Na 23.00 0.97 98 -2.71 1 0.86 1.16 1.14 1160 1140 
Ca 40.10 1.54 851 -2.84 3 0.75 1.34 2.06 1340 2060 
Mg 24.30 1.74 650 -2.38 2 0.45 2.20 3.80 2200 3800 
Al 26.90 2.69 659 -1.66   0.34 2.98 8.10 2980 8100 
Li 6.94 0.54 180 -3.01 1 0.26 3.86 2.06 3860 2060 
H2 2.01     0.00 2 0.04 26.59   26590   





Density Reduction Potential 
Valence 
Change Specific Capacity 
  g g/cm3 V (NHE)   Ah/cm3 Ah/g g/Ah Ah/kg Ah/L 
PbO2 239.20 9.40 1.69 2 2.11 0.224 4.45 224 2110 
Ag2O 231.70 7.10 0.35 2 1.64 0.231 4.33 231 1640 
HgO 216.60 11.10 0.10 2 2.74 0.247 4.05 247 2740 
CuCl 99.00 3.50 0,14 1 0.95 0.270 3.69 270 950 
NiOOH 91.70 7.40 0.49 1 2.16 0.292 3.42 292 2160 
MnO2 86.90 5.00 1.23 1 1.54 0.308 3.24 308 1540 
Br2 159.80   1.07 2   0.385 2.95 385   
SO2 64.00     1   0.419 2.38 419   
AgO 123.80 7.40 0.57 2 3.20 0.432 2.31 432 3200 
Cl2 71.00   1.36 2   0.756 1.32 756   
FeS2 119.90     4 4.35 0.890 1.12 890 4350 
O2 32.00   1.23 4   3.35 0.30 3350   
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Figure 3 – A comparison of the specific energy (Wh/kg) and energy density (Wh/L) of various 
primary and secondary batteries, formed by combining many of the anode and cathode materials 
shown in Figures 2 and 3. 
From this figure, it is evident that the air-breathing zinc-air battery that has been used for many 
years in hearing aids has exceptional energy storage characteristics. Since the oxidant for this 
primary battery is extracted from the atmosphere, the specific energy of the device is undiluted 
by an “onboard” cathode material. Similar air-breathing primaries are also possible with far more 
energy dense metallic anode materials such as lithium, though the lithium requires much more 
complicated cell designs, and the use of hazardous organic solvents and salts. It is also clear from 
this simple figure that the best secondary (rechargeable) batteries fail to rise to the levels of 
energy storage possible the best primary (one-time use) batteries. It is also clear that among the 
secondary batteries, lithium ion batteries have the best energy storage capacity, which is not 
surprising based upon the specific capacity of lithium, though in this case its diluted in an 





































































































































Energy Density for Various Batterey Types
Wh/kg Wh/L
 Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
16 | P a g e  
 
































































































































































































P Leclanche Zn/NH4Cl2&ZnCl2/MnO2 1.5 65 100           
P Zinc Chloride Zn/ZnCl2/MnO2 1.5 85 165           
P Zinc Manganese Oxide Zn/Alkaline/MnO2 1.5 145 400           
P Zinc Mercury Oxide Zn/HgO 1.35 100 470           
P Zinc Silver Oxide Zn/Ag2O 1.5 135 525           
P Zinc Air Zn/Air 1.5 370 1300           
P Magnesium Manganese Oxide Mg/MgBr2/MnO2 1.6 100 195           
P Lithium Manganese Oxide Li/MnO2 3.0 230 535           
P Lithium Sulfur Dioxide Li/SO2 3.0 260 415           
P Lithium Thionyl Chloride Li/SOCl2 3.65 590 1100      
S Lead Acid Pb/H2SO4/PbO2 2.0 35 80 80-90 70-75 70 200-700 200 
S Nickel Cadmium Cd/KOH/NiOOH 1.2 35 80 65-80 55-70 55 300-700 300 
S Nickel Zinc Zn/KOH/NiOOH 1.6 27 55       50-200 50 
S Nickel Iron Fe/KOH/NiOOH 1.2 60 120       2000-4000 2000 
S Silver Zinc Zn/KOH/AgO 1.5 90 180 90 75 75 100-150 100 
S Silver Cadmium Cd/KOH/AgO 1.2 55 100 90 70 70 150-600 150 
S Nickel Metal Hydride NiOOH/KOH/MH 1.2 50 175 65-70 55-65 55 300-600 300 
S Nickel Hydrogen NiOOH/KOH/H2 1.4 55 60 90 75 75 1500-6000 1500 
S Rechargeable Primary Zn/KOH/MnO2 1.5 85 250       15-25 15 
S Li-Ion C/LiPF6/LiCoO2 3.7 160 310       500-1000 500 
Note: P = Primary (One-Time Use) Battery; S = Secondary (Rechargeable) Battery 
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P Leclanche Zn/NH4Cl2&ZnCl2/MnO2 10       -40 45 1 
P Zinc Chloride Zn/ZnCl2/MnO2 7       -40 55 1 
P Zinc Manganese Oxide Zn/Alkaline/MnO2 4 3-5     -20 45 1 
P Zinc Mercury Oxide Zn/HgO 4       0 55 5 
P Zinc Silver Oxide Zn/Ag2O 6       0 55 6 
P Zinc Air Zn/Air 3       0 50 6 
P Magnesium Manganese Oxide Mg/MgBr2/MnO2 3       -20 60 3 
P Lithium Manganese Oxide Li/MnO2 2 5-8     -20 70 4 
P Lithium Sulfur Dioxide Li/SO2 2 5-10     -40 70 4 
S Lead Acid Pb/H2SO4/PbO2 2-8/20-30 0.50-0.75 2-8 2 -40 60 2 
S Nickel Cadmium Cd/KOH/NiOOH 5-10/15-20 0.25-0.50 2-5 2 -20 45 3 
S Nickel Zinc Zn/KOH/NiOOH 20-40       -10 45 3 
S Nickel Iron Fe/KOH/NiOOH 10   8-25 8 -20 60 4 
S Silver Zinc Zn/KOH/AgO 3   1-3 1 -20 60 4 
S Silver Cadmium Cd/KOH/AgO 3   2-3 2 -25 70 4 
S Nickel Metal Hydride NiOOH/KOH/MH 20 0.25-0.50 2-5 2 -20 50 3 
S Nickel Hydrogen NiOOH/KOH/H2 60       0 50 5 
S Rechargeable Primary Zn/KOH/MnO2         -20 40 1 
S Li-Ion C/LiPF6/LiCoO2 5-10       -20 55 3 
Note: P = Primary (One-Time Use) Battery; S = Secondary (Rechargeable) Battery 
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Fuel cells can be used as either an energy conversion device, with no reversible energy storage, 
or as an energy storage device that operates essentially like a secondary battery. In the energy 
storage mode, fuel cells are used to extract chemical energy from an energy-dense fuel such as 
hydrogen, with the product from the combustion discharge to the surrounding environment. Of 
course, in hydrogen fuel cells, the product of the reaction of hydrogen and oxygen is pure water, 
which has value.  
The fuel cell can also serve as the heart of a secondary battery, known as a regenerative fuel cell. 
In this case, the hydrogen-burning fuel cell is operated in an electrolysis mode to 
electrochemically split water into hydrogen and oxygen, which are both stored. During 
discharge, the stored hydrogen and oxygen are then passed back through the fuel cell and 
recombined, producing both electrical current, as well as pure water, which is stored for 
subsequent electrolysis cycles. The open circuit voltage of a hydrogen fuel cell is approximately 
1.23 volts, which is the difference in the half-cell voltage for oxygen reduction and the half-cell 
voltage for hydrogen oxidation. 
As shown in Table 5, and as will be discussed in subsequent chapters, there are five fundamental 
fuel cell technologies, capable of producing technologically important levels of current. These 
include the solid oxide fuel cell (SOFC), the molten carbonate fuel cell (MCFC), the phorphoric 
acid fuel cell (PAFC), the alkaline fuel cell (AFC), and the proton-exchange membrane fuel cell 
(PEMFC). As will be discussed later in the course, driven by its relatively low operating 
temperature, the PEMFC has now been used in air-independent propulsion systems aboard the 
German Type 212a submarine, with cryogenic oxygen storage, and solid-state hydrogen storage. 
For the present time, we ignore bio-fuel cells, since they have not yet demonstrated the ability to 
produce the levels of current necessary for commercialization and deployment in engineered 
platforms. Even so, these devices will also be discussed briefly in a subsequent chapter. 
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Table 5 – Comparison of Five Widely Used Fuel-Cell Types Ranked by Temperature 











Proton Exchange Membrane (PEMFC) 25 to 120 0.1 to 1.5 0.1 to 1.5 40 to 60 
Alkaline (AFC) 65 to 220 0.1 to 1.5 0.1 to 1.5 70 
Phosphoric Acid (PAFC) 150 to 205 0.16 0.12 37 to 42 
Molten Carbonate (MCFC) 600 NA NA 60 
Solid Oxide (SOFC) 1000 1 to 4 1 to 8 45 to 60 
 
ELECTROCHEMICAL  FUNDAMENTALS  
To ensure scientific and technical competence in the students, a solid foundation in the 
underlying electrochemical principles underlying the operation of electrochemical energy 
conversion and storage devices is now presented. In this section of the course, the student is 
provided with insight into the fundamentals of heterogeneous electrochemical reactions that 
occur at the electrode-electrolyte interface in conventional electrode systems. Through a 
rudimentary discussion of thermodynamics, the student will learn the relationship between the 
Gibbs free energy and the cell potential. The student will also learn about the physiochemical 
processes that limit the current in primary and secondary batteries, as well as fuel cells. Both 
kinetic and mass-transport limitations will be understood. The fundamentals of thermal stability, 
as it relates to lithium-ion battery safety, will be discussed in the section on lithium-ion battery 
technology.   
CHEMICAL  AND ELECTROCHEMICAL REACT IONS  
Once again, relying on the convention set forth by Bard and Faulkner, a generalized equation for 
an electrochemical half-cell reaction can be written [Bard & Faulkner, 2001, p. 51]: 
RneO RO νν →←+
 
In this reaction, O represents and oxidized species that is reduced during the reaction, R 
represents the reduced product, νO and νR are the stoichiometric coefficients of O and R, 
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respectively, and n is the number of electrons transferred during the reaction. If this reaction is 
coupled to the hydrogen reduction-oxidation reaction: 
++→←+ HnRHnO RO νν 22
 
THE G IBBS FREE ENERGY  
The Gibb free energy is a mathematically defined thermodynamic function, which remains 
constant during reversible isobaric-isothermal processes, including electrochemical reactions 
[CRC Handbook, 1981, p. F-109]. The Gibbs free energy is a product of the charge passed 
during an electrochemical reaction, and the reversible potential difference [Bard & Faulkner, 
2001, p. 49]: 
rxnnFEG −=∆
 
Note that the conventional employed by this reference [Bard & Faulkner, 2001, p. 49] assumes a 
positive electrochemical potential, or electromotive force (emf) when the electrochemical 




The standard emf of the cell is 0rxnE . The equilibrium constant can be defined in terms of the 





















 ENTHALPY  
The enthalpy change is the sum of the Gibbs free energy chance, and the product of the absolute 
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ENTROPY  
Entropy is a measure of the energy of a system that is unavailable for useful work. It is a 
mathematically defined thermodynamic function of state, whose increase is a measure of the 
energy of a system which is no longer available for work during a given process [CRC 
Handbook, 1981, p. F-105]. The entropy change is then defined as the partial derivative of the 
Gibbs free energy, or the partial derivative of the reversible potential difference, with respect to 

























ELECTRODE POTENT IAL  
Potentials are relative, and must be measured against a reference state. The electrochemical 
potential for a hypothetical reduction-oxidation (redox) couple relative to the normal hydrogen 
reference electrode (NHE) will now be derived. The Gibbs free energy for this electrochemical 







































In the case of the normal hydrogen electrode (NHE), the chemical activities of the hydrogen ion 











ln0 −=  
This equation is known as the Nernst equation, and can be used to calculate the potential of the 
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O/R reduction-oxidation (redox) couple relative to the NHE reference electrode as a function O 
and R activities in the electrolyte. The Nernst equation is now expressed in terms of 












γln0 −=  
In practice, electrochemists, electrochemical engineers, and corrosion scientists and engineers 
work with formal potentials, since concentrations of O and R are easily measured, and since 
chemical activities and activity coefficients are difficult to determine. The activity coefficients 






























































ln0 −=  
HOMOGENEOUS REACTION K INET ICS  
Our discussion of chemical kinetics involved in corrosion begins with the discussion of 
homogeneous reactions in the gas or liquid phase. One of the simplest chemical reactions is the 
conversion of A to B via a forward reaction, and the conversion of B back into A via the reverse 
reaction. 
ABA bf kk →→
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At equilibrium, the net conversion rate is zero, which can be used to define the equilibrium 











Kinetic theory predicts a constant concentration ratio, just like thermodynamics. However, 
thermodynamics does not specify a mechanism for achieving equilibrium, while kinetic theory 











The pre-exponential A is known as the frequency factor, and the energy parameter EA is known 
as the activation energy. As the reaction proceeds along the reaction coordinate, the potential 
energy of the system increases from a first minimum corresponding to the initial mixture of 
reactants, to an intermediate maximum corresponding to the transition state or activated 
complex, and finally to a second minimum corresponding to the final reaction products. The 
activation energy is difference between the potential energy of the transition state (maximum), 
minus the potential energy of the initial mixture of reactants. The reaction rate constant can also 
be defined in terms of the standard enthalpy of activation: 
( ) *** EPVEH ∆≈∆+∆=∆
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The expression for the rate constant in terms of the enthalpy, entropy and free energy of the 






















The forward reaction rate constant can then be written in terms of the free energy difference 
between the activated complex and the reactants, and the reverse reaction rate constant can be 































Statistical mechanics can be used to define hkTk /2'= where k and h are the Boltzmann and 
Planck constants, respectively. The most common form of the equation for the rate constant, 
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HETEROGENEOUS K INET ICS AT  ELECTRODE SURFACE  
Early empirical studies of electrochemical reactions showed that the logarithm of the current 
density varied linearly with the electrode potential. This relationship was discovered by Tafel in 
about 1905 and can be written as: 
( )iba log+=η
 
As will be shown in the following section, this empirically observed relationship can be derived 
from Butler-Volmer Kinetics, and is solidly founded in electrochemical theory. 
The relationship between current and potential for electrochemical reactions can be derived more 
rigorously. In the case of a simple single-electron transfer [Bard & Faulkner, 2001, pp. 87-96]:  
eOReO bf kk +→→+
 
The forward reaction rate, and current density associated with the electrochemical reduction 




The reverse reaction rate, and current density associated with the electrochemical oxidation 












( )OfRrca CkCknFAiii −=−=
 
The transition state theory can be used to define the forward and reverse rate constants in terms 
of the Gibbs free energy. The difference between the free energy of the activated complex and 
that of the reactants is used to define the forward rate constant, and is: 
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( ) ( )0*0* 1 formalaa EEnFGG −−−∆=∆ α
 
Note that at an applied potential of E, which is greater than the formal potential, the anodic 
barrier to the forward electrode reaction is higher than that in the absence of the potential by an 
amount: 
( ) ( )0*0* 1 formalaa EEnFGG −−−=∆−∆ α
 
The difference between the free energy of the activated complex and that of the products is used 
to define the reverse rate constant, and is: 
( )0*0* formalcc EEnFGG −+∆=∆ α
 
Similarly, note that at an applied potential of E, which is greater than the formal potential, the 
cathodic barrier to the reverse electrode reaction is higher than that in the absence of the potential 
by an amount: 
( )0*0* formalcc EEnFGG −=∆−∆ α
 
The parameter α is the transfer coefficient, and is a measure of the symmetry of the energy 
barrier. For a completely symmetrical energy barrier, the transfer coefficient is one half (α = 
0.5); in most cases the transfer coefficient lies between 0.3 and 0.7 (0.3 < α < 0.7). 
The forward reaction rate constant determines the speed of the electrochemical reduction 
reaction, and is defined in terms of the difference between the free energy of the activated 
complex (intermediate maximum) and that of the initial reactants (initial minimum) – standard 
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Similarly, the reverse reaction rate constant determines the speed of the electrochemical 
oxidation reaction, and is defined in terms of the difference between the free energy of the 
activated complex (intermediate maximum) and that of the products (final minimum) – standard 
free energy verses reaction coordinate. 




















The reaction rate constants for the forward and reverse reactions are defined as: 














MASS TRANSPORT TO /FROM ELECTRODE SURFACE  
The general equation for mass transport in electrochemical systems expresses the flux as the sum 
of three terms: the first representing diffusion; the second representing electromigration, and the 
third representing convective transport, due to the presence of flow [Bard & Faulkner]. 
vJ jjjjFjji CCDRT
z
CD +∇−∇−= φ  
where Ji is the flux of component j, Dj is the diffusivity of component j, Cj is the concentration of 
component j, zj is the charge on component j, F is Faraday’s constant, R is the gas constant, T is 
the absolute temperature, φ is the electric potential, and v represents the flow field. For linear 
conduction, this becomes the Nernst-Planck equation, which is written for one-dimensional 
transport along the x-axis as (Bard & Faulkner – Equation 1.4.2): 

















As can be seen in these equations, the application of an electric field enhances the flux of ions, 
accelerating their movement over that possible in the absence of the electric field. The transient 
case for an incompressible electrolyte (∇⋅v = 0) can be formulated in such a way as to eliminate 
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the flux, and enable the spatially-dependent concentration to be calculated as a function of time 
[Newman]: 




∂ φv  
The variable Rj represents a homogeneous reaction rate for component j. The potential 
distribution, which is required to calculate the electromigration term, is obtained from a solution 








In this expression ε is the permittivity or dielectric constant. 
A  S IMPL IF IED APPROACH TO COMBINING K INET IC  AND MASS -TRANSPORT  L IM ITATIONS  
The generalized electrochemical reaction is written (Bard & Faulkner – Equation 1.4.3): 
RneO ↔+
 
The relationship between current density and over-potential with cathodic and anodic current 
densities being negative and positive, respectively, is (Bard & Faulkner – Equation 3.5.10): 



















In the absence of mass-transfer limitations (Bard & Faulkner – Equation 3.5.11): 
( ) ( ){ }ηαηα nfnfii −−−= exp)1(exp0  







For large negative values of (η) the Butler-Volmer equation becomes the Tafel equation: 
( ){ }ηα nfii −−= exp0  
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η −=
 







Assuming a simple Nernstian boundary layer of thickness (d): 
( ) ( )00)( =∞=∞== −=−−≈ xixiixixiii CCmCCDxJ δ  
The current density may be mass-transport limited, and can be expressed in terms of a simple 
mass-transfer coefficient for species O is: 
( )





The diffusion-limited current density is observed at the point when the concentration of the 











Assuming Tafel kinetics and accounting for mass-transfer limitations, the following more 
general expression is developed: 




























For small over-potentials a linearized form of this equation is derived, which ultimately yields 
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DESIGN ING DEVICES FOR SPECIF IED  ENERGY STORAGE  
While it is important to have a solid-foundation in the physiochemical phenomena underlying the 
operation of electrochemical energy conversion and storage devices, a more pragmatic approach 
is usually taken by industrial cell designers. In essence, commercial cell designers combine 
electrode, electrolyte, separator and packaging materials, computing the specific energy and 
energy density of the overall device from stored energy possible with the selected electrode 
combination, normalized by the overall device weight and volume, respectively. In most cases, 
the rate capability of a particular cell sill be limited by the resistive losses between the 
electrodes. Once the steady-state operating cell voltage and current are estimated, the delivered 
power is simply the product of the two. With this estimate of the cell power, normalization of the 
overall device weight and volume yields estimates of the specific power and power density.  
The volume of the battery is calculated from the volumes of the various components of the 
system, including the active anode material, active cathode material, and various inert materials 







Similarly, the weight of the battery is calculated from the volumes and densities of the various 
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Anodes and cathodes in the cell are assumed to be “balanced” which implies that the anode and 
cathode have identical capacities.  
cathodecathodecathodeanodeanodeanode CVCVCapacityCellMaximum ρρ ==
 
The maximum possible cell capacity can therefore be calculated from either the specific capacity 
of the anode multiplied by the density and volume of the active material in the anode, or the 
specific capacity of the cathode, multiplied by the density and volume of the active material in 
the cathode. The maximum possible specific capacity is then calculated by dividing the 










Since the electrodes are assumed to be balance, the cathode weight can be expressed in terms of 
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The maximum specific energy can then be calculated from the product of the maximum specific 
capacity of the cell, and the terminal voltage of the cell during operation. The terminal voltage is 
approximately the difference in the two half-cell voltages, minus the voltage drop due to the 






























The voltage drop can be estimated simply from the thickness and area of the porous separator, 




























Of course, two of the building blocks for such cells are the active anode and cathode materials. 
Several of these materials are once again summarized in Table 6, with the active materials for 
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Change Specific Capacity Specific Capacity 
    g/mole g/cm3 °C V (NHE)   Ah/g g/Ah Ah/cm3 Ah/kg g/Ah Ah/L 
Anode H2 2.01     0.00 2 26.59 0.04   26590 0.04   
  Li 6.94 0.54 180 -3.01 1 3.86 0.26 2.06 3860 0.26 2060 
  Na 23.00 0.97 98 -2.71 1 1.16 0.86 1.14 1160 0.86 1140 
  Mg 24.30 1.74 650 -2.38 2 2.20 0.45 3.80 2200 0.45 3800 
  Al 26.90 2.69 659 -1.66   2.98 0.34 8.10 2980 0.34 8100 
  Ca 40.10 1.54 851 -2.84 3 1.34 0.75 2.06 1340 0.75 2060 
  Fe 55.80 7.85 1528 -0.44 2 0.96 1.04 7.50 960 1.04 7500 
  Zn 65.40 7.14 419 -0.76   0.82 1.22 5.80 820 1.22 5800 
  Cd 112.40 8.65 321 -0.40 3 0.48 2.10 4.10 480 2.10 4100 
  Pb 207.20 11.34 327 -0.13 2 0.26 3.87 2.90 260 3.87 2900 
Cathode O2 32.00     1.23 4 3.35 0.30   3350 0.30   
  Cl2 71.00     1.36 2 0.756 1.32   756 1.32   
  SO2 64.00       1 0.419 2.38   419 2.38   
  MnO2 86.90 5.00   1.23 1 0.308 3.24 1.54 308 3.24 1540 
  NiOOH 91.70 7.40   0.49 1 0.292 3.42 2.16 292 3.42 2160 
  CuCl 99.00 3.50   0,14 1 0.270 3.69 0.95 270 3.69 950 
  FeS2 119.90       4 0.890 1.12 4.35 890 1.12 4350 
  AgO 123.80 7.40   0.57 2 0.432 2.31 3.20 432 2.31 3200 
  Br2 159.80     1.07 2 0.385 2.95   385 2.95   
  HgO 216.60 11.10   0.10 2 0.247 4.05 2.74 247 4.05 2740 
  Ag2O 231.70 7.10   0.35 2 0.231 4.33 1.64 231 4.33 1640 
  PbO2 239.20 9.40   1.69 2 0.224 4.45 2.11 224 4.45 2110 
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Chapter 2 – Primary Batteries 
OVERVIEW OF  PRIMARY BATTER IES  
Before moving to a discussion of secondary batteries, which is the primary emphasis in this 
course, a discussion of the range of possible primary batteries is presented. These technologies 
include, but are not limited to: (1) Leclanche and ZnCl2 batteries; (2) magnesium and aluminum 
batteries; (3) alkaline manganese dioxide batteries; (4) mercuric oxide batteries; (5) silver oxide 
batteries; and (6) zinc-air batteries. The global primary battery market was estimated to be 
approximately $22 billion in 2002. The largest segment of this market continues to be zinc-
carbon batteries, even though this battery was invented well over 100 years ago. This class of 
primary battery was estimated to be $7.2 billion in 2002, with growth in excess of 5% per year in 
Asia, Eastern Europe, and the Third World Growing. The growth in the U.S. for this type of 
(disposable) battery is declining. A comparison of the performance characteristics of selected 
primary battery technologies is given in Table 7. 
Z INC -CARBON (LECLANCHE /ZNCL2 )  
Primary Application: Flashlights, Portable Lighting, Portable Radios, Toys & Communications  
Temperature: –5 to +45°C/–10 to +50°C 
Open Circuit Voltage: 1.5V 
Specific Energy:  65Wh/kg/85Wh/kg (some recent cells said to have 400Wh/kg) 
Energy Density:  100Wh/L/165Wh/L 
Configuration: Zn/NH4Cl/MnO2 & Zn/ZnCl2/MnO2 – cylindrical single- & multi-cell batteries 
Overall Reaction: Zn +2MnO2→ZnO⋅Mn2O3 
NH4Cl Primary Electrolyte:  
Light Discharge: Zn + 2MnO2 + 2NH4Cl → 2MnOOH + Zn(NH3)2Cl2 
Heavy Discharge: Zn + 2MnO2 + NH4Cl + H2O → 2MnOOH + NH3 + Zn(OH)Cl 
ZnCl2 Primary Electrolyte: 
Light Discharge: Zn + 2MnO2 + 2H2O + ZnCl2 → 2MnOOH + 2Zn(OH)Cl 
Alternative … 4Zn + 8MnO2 + 9H2O + ZnCl2 → 8MnOOH + ZnCl2⋅4ZnO⋅5H2O 
Prolonged … Zn + 6MnOOH + 2Zn(OH)Cl → 2Mn3O4 + 2Mn3O4 + ZnCl2⋅2ZnO⋅4H2O 
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MAGNESIUM AND ALUMINUM BATTER IES  
Primary Application: Military Applications – Radio Transceivers & Emergency Equipment 
Temperature: –20 to +60°C 
Open Circuit Voltage: 1.6V 
Specific Energy: 100Wh/kg 
Energy Density: 195Wh/L 
Configuration: Mg/MnO2 & Al/MnO2 – cylindrical single- & multi-cell batteries 
Mg Overall Reaction: Mg + 2MnO2 + H2O → Mn2O3 + Mn(OH)2 
Al Overall Reaction: Al + 3MnO2 + 3H2O→3MnO⋅OH + Al(OH)3 
Mg Anode Reaction – Desired: Mg + 2OH– → Mg(OH)2 + 2e 
Mg Anode Reaction – Corrosion: Mg + 2H2O → Mg(OH)2 + H2  
Al Anode Reaction: Al → Al3 + 3e 
MnO2 Cathode Reaction: 2MnO2 + 2H2O + H2O + 2e → Mn2O3 + 2OH–  
MERCURIC OXIDE BATTERIES  
Primary Application: Hearing Aids, Watches, Sonobuoys, Emergency Beacons & Transceivers 
Temperature: –0 to +55°C 
Open Circuit Voltage: 1.35V 
Specific Energy: 100-105Wh/kg 
Energy Density: 325-470Wh/L 
Configuration: Zn/KOH/HgO, Zn/NaOH/HgO, Cd/KOH/HgO & Cd/NaOH/HgO – discontinued  
Zn Overall Reaction: Zn + HgO → ZnO + Hg 
Cd Overall Reaction: Cd + HgO + H2O → Cd(OH)2 + Hg 
Zn Anode Reaction – Step 1: Zn + 4OH– → Zn(OH)42– + 2e 
Zn Anode Reaction – Step 2: Zn(OH)42– → ZnO + 2OH– + H2O 
Zn Anode Reaction: Zn + 2OH– → ZnO + H2O + 2e 
Cd Anode Reaction: Cd + 2OH–  → Cd(OH)2 + 2e 
HgO Cathode Reaction: HgO + H2O + 2e → Hg + 2(OH) – 
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ALKAL INE -MANGANESE D IOXIDE BATTERIES  
Primary Application: Remote Controls, Radios, Compact Disk Players, Cameras & Camcorders 
Temperature: –20 to +55°C 
Open Circuit Voltage: 1.5V 
Specific Energy: 80-145Wh/kg 
Energy Density: 360-400Wh/L 
Configuration: Zn/KOH/MnO2 – button cells, cylindrical single- & multi-cell batteries 
1.00-e/mole-MnO2 Reaction: Zn + 2MnO2 + 2H2O → 2MnOOH+Zn(OH)2 
1.33-e/mole-MnO2 Reaction: 2Zn + 3MnO2 → Mn3O4 + 2ZnO 
Zn Anode Reaction – Step 1: Zn + 4OH– → Zn(OH)4– + 2e 
Zn Anode Reaction – Step 2: Zn + 2OH– →Zn(OH)2 + 2e 
Zn Anode Reaction – Step 3: Zn(OH)2 → ZnO + H2O 
MnO2 Cathode Reaction: 2MnO2 + 2H2O + H2O + 2e → Mn2O3 + 2OH–   
MERCURIC OXIDE BATTERIES  
Primary Application: Hearing Aids, Watches, Sonobuoys, Emergency Beacons & Transceivers 
Temperature: –0 to +55°C 
Open Circuit Voltage: 1.35V 
Specific Energy: 100-105Wh/kg 
Energy Density: 325-470Wh/L 
Configuration: Zn/KOH/HgO, Zn/NaOH/HgO, Cd/KOH/HgO & Cd/NaOH/HgO – discontinued  
Zn Overall Reaction: Zn + HgO → ZnO + Hg 
Cd Overall Reaction: Cd + HgO + H2O → Cd(OH)2 + Hg 
Zn Anode Reaction – Step 1: Zn + 4OH– → Zn(OH)42– + 2e 
Zn Anode Reaction – Step 2: Zn(OH)42– → ZnO + 2OH– + H2O 
Zn Anode Reaction: Zn + 2OH– → ZnO + H2O + 2e 
Cd Anode Reaction: Cd + 2OH–  → Cd(OH)2 + 2e 
HgO Cathode Reaction: HgO + H2O + 2e → Hg + 2(OH) – 
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S ILVER  OXIDE BATTERIES  
Primary Application: Hearing Aids; Watches; Calculators; Glucose Meters & Cameras 
Temperature: –0 to +55°C 
Open Circuit Voltage: 1.5V 
Specific Energy: 135Wh/kg 
Energy Density: 530Wh/L 
Configuration: Zn/20-45%KOH/AgO & Zn/20-45%NaOH/AgO – button cells 
Zn Overall Reaction – Step 1: Zn + 2AgO → Ag2O + ZnO (∆E = +1.86 V) 
Zn Overall Reaction – Step 2: Zn + Ag2O → 2Ag + ZnO  (∆E = +1.59 V) 
Zn Overall Reaction – Overall: Zn + AgO → Ag + ZnO 
 
Zn Anode Reaction – Step 1: Zn + 2OH– → Zn(OH)2 + 2e (E0 = +1.249 V) 
Zn Anode Reaction – Step 2: Zn + 4OH– → ZnO22– + 2H2O + 2e (E0 = +1.215 V) 
Zn Anode Reaction – Corrosion: Zn + H2O → ZnO + H2 
 
AgO Cathode – Step 1: 2AgO + H2O + 2e → Ag2O + 2OH– (E0 = +0.607 V) 
Ag2O Cathode – Step 2: Ag2O + H2O + 2e → 2Ag + 2OH– (E0 = +0.342 V) 
Ag2O Reaction - Overall: Ag2O + H2O + 2e → 2Ag+ 2OH– (E0 = +0.342 V) 
Silver Oxide Decomposition in Alkaline Solution: 4AgO → 2Ag2O + O2 
 
Nickel, Lead and Bismuth – Conductive Cathode-Active Additives: 
Ni: Ag2O + 2NiOOH → 2AgNiO2 + H2O 
Pb: 2PbS + 19AgO + 4NaOH → Ag5Pb2O6 + 7Ag2O + Na2SO4 + 2H2O 
Bi: Bi2S3 + 28AgO + 6NaOH → 2AgBiO3 + 13Ag2O + 3Na2SO4 + 3H2O 
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Z INC /A IR  BATTERIES    
Primary Application: Remote Railway Signaling; Navigation Aids 
Temperature: –0 to +55°C 
Open Circuit Voltage: 1.5V 
Specific Energy: 370 Wh/kg (250 Wh/kg quoted for BA-XX90 form factor) 
Energy Density: 1300 Wh/L (285 Wh/L quoted for BA-XX90 form factor) 
Configuration: Zn/Air 
Zn Overall Reaction: Zn + ½ O2 → ZnO 
 
Zn Anode Reaction – Step 1: Zn → Zn2+ + 2e 
Zn Anode Reaction – Step 2: Zn2+ + 2OH– → Zn(OH)2 
Zn Anode Reaction – Step 3: Zn(OH)2 → ZnO + H2O 
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Leclanche Zn/NH4Cl2&ZnCl2/MnO2 1.5 65 100 10  -40 45 
Zinc Chloride Zn/ZnCl2/MnO2 1.5 85 165 7  -40 55 
Zinc Manganese Oxide Zn/Alkaline/MnO2 1.5 80-145 360-400 4 3-5 -20 45 
Zinc Mercury Oxide Zn/HgO 1.4 100 470 4  0 55 
Zinc Silver Oxide Zn/Ag2O 1.5 120 500 6  0 55 
Zinc Air Zn/Air 1.5 300-370 800-1300 3  0 50 
Magnesium Manganese Oxide Mg/MgBr2/MnO2 1.6 100 195 3  -20 60 
Lithium Manganese Oxide Li/MnO2 3.0 230 535 2 5-8 -20 70 
Lithium Sulfur Dioxide Li/SO2 3.0 260 415 2 5-10 -40 70 
Lithium Thionyl Chloride Li/SoCl2 3.6 380 715 2  -60 85 
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Chapter 3 – Secondary Batteries 
OVERVIEW  
Electrochemical energy storage technologies include a wide range of secondary batteries: (1) 
lead-acid; (2) silver-zinc; (3) nickel-cadmium; (4) nickel-metal hydride; (5) lithium-ion; (6) 
sodium-beta, including sodium-sulfur and sodium-metal chloride; (6) nickel-hydrogen; (7) 
regenerative liquid red-ox cells; and (8) regenerative fuel cells. These technologies are relevant 
for a wide variety of applications, including but not limited to wireless communications, portable 
computing, uninterruptable power systems, various robotic systems, including but not limited to 
well-known robots such as Talon, electric and hybrid electric vehicles, more exotic vehicular 
applications such as manned and unmanned underwater vehicles, and various aerospace 
applications including satellites. The range of performance characteristics of possible with 
several of these devices are compared in Tables 8 through 10. 
Table 8 – Comparison of Secondary Battery Technologies: Voltage, Specific Energy, Energy 






























































































Lead Acid Pb/H2SO4/PbO2 2.0 35 80 80-90 70 200-700 
Nickel Cadmium Cd/KOH/NiOOH 1.2 35 80 65-80 55 300-700 
Nickel Zinc Zn/KOH/NiOOH 1.6 27 55   50-200 
Nickel Iron Fe/KOH/NiOOH 1.2 60 120   2000-4000 
Silver Zinc Zn/KOH/AgO 1.5 90 180 90 75 100-150 
Silver Cadmium Cd/KOH/AgO 1.2 55 100 90 70 150-600 
Nickel Metal Hydride NiOOH/KOH/MH 1.2 50 175 65-70 55 300-600 
Nickel Hydrogen NiOOH/KOH/H2 1.4 55 60 90 75 1500-6000 
Rechargeable Primary Zn/KOH/MnO2 1.5 85 250   15-25 
Li-Ion C/LiPF6/LiCoO2 3.7 160 310   500-1000 
  
Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
41 | P a g e  
 
Table 9 – Performance Characteristics of Secondary Batteries 
Common Name Battery Self Discharge 
Charge 





    
Capacity per 
Month (%/mo) years years years minimum  (°C) 
maximum  
(°C) per kWh 
Lead Acid Pb/H2SO4/PbO2 2-8/20-30 0.50-0.75 2-8 2 -40 60 2 
Nickel Cadmium Cd/KOH/NiOOH 5-10/15-20 0.25-0.50 2-5 2 -20 45 3 
Nickel Zinc Zn/KOH/NiOOH 20-40       -10 45 3 
Nickel Iron Fe/KOH/NiOOH 10   8-25 8 -20 60 4 
Silver Zinc Zn/KOH/AgO 3   1-3 1 -20 60 4 
Silver Cadmium Cd/KOH/AgO 3   2-3 2 -25 70 4 
Nickel Metal Hydride NiOOH/KOH/MH 20 0.25-0.50 2-5 2 -20 50 3 
Nickel Hydrogen NiOOH/KOH/H2 60       0 50 5 
Rechargeable Primary Zn/KOH/MnO2         -20 40 1 
Li-Ion C/LiPF6/LiCoO2 5-10       -20 55 3 
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Table 10 – Approximate Data Extracted from Ragonne Chart 
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LEAD  ACID  BATT ERI ES  
Raymond Gaston Plante developed the practical lead-acid battery in 1860. This battery has 
reasonably good performance, is inexpensive, and is reliable. It has enjoyed use in automotive 
starting-lighting-ignition batteries, traction, vehicular propulsion, submarines, stationary energy 
storage, and portable systems, with the application to submarines illustrated in Figure 4. 
 
Figure 4 – Lead acid batteries for submarine application. 
The electrochemical reactions at the negative electrode are:  




2 PbSOSOPb ↔+ −+  
The electrochemical reactions on the positive electrode are: 
 




2 PbSOSOPb ↔+ −+  
The overall reaction for the lead-acid battery is: 
VEOHPbSOSOHPbOPb 59.1222 24422 =∆+↔++  
The lead-acid battery has a metallic anode made of a lead alloy, a lead-oxide cathode, a porous 
polyethylene separator, and an electrolyte of concentrated sulfuric acid. This battery can operate 
from -20 to +60°C. The open-circuit voltage is 2.1 V, with operation between 2.0 and 1.75 V. 
The specific power, power density, specific energy and energy density are 20 W/kg, 51 W/L, 20-
35 Wh/kg, and 50-90 Wh/L, respectively. The cycle life of a typical lead acid battery can be as 
long as 1100 cycles (to 80% of the original capacity). The cost of energy storage is 
approximately $150 per kilowatt-hour. In summary, lead-acid batteries are proven technology, 
with a long history of sub-surface application in submarines. 
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S ILVER Z INC  BATTER IES  
 Jungner developed the first rechargeable silver-based battery in the 1980’s. Nearly sixty years 
later, Professor Henri Andre of France developed the modern silver-zinc battery in 1941, which 
was first commercialized by Yardney International Corporation. The silver-zinc battery has a 
metallic anode made of a zinc alloy, a silver-oxide cathode, a cellophane separator, and an 
electrolyte of 40% potassium hydroxide. This battery can operate from -20 to +60°C. The open-
circuit voltage is 1.86 V, with operation between 1.7 and 1.3 V. The specific power, power 
density, specific energy and energy density are 5560-1470 W/kg, 9530-2520 W/L, 105-110 
Wh/kg, and 180-300 Wh/L, respectively. The cycle life of a typical silver-zinc battery is limited, 
with a maximum live of approximately 250 cycles (to 80% of the original capacity). The cost of 
energy storage is approximately $600 per kilowatt-hour, which reflects the high cost of the silver 
used in the cathode. In summary, silver-zinc batteries are proven technology, with a long history 
of sub-surface application in torpedoes and other sub-surface vehicles. However, the silver-zinc 
battery is relatively expensive, suffers from short cycle life, but has exceptional specific power 
and power density, and specific energy and energy density rivaling that possible with state-of-
the-art (SOA) lithium-ion batteries. The electrochemical reactions at the negative electrode are:  
)(216.142 0222 SHEVEOHZneOHZnO −=+↔++ −−  
The electrochemical reactions on the positive electrode occur at two discrete potentials and are: 
 
)(599.0222 022 SHEVEOHOAgeOHAgO +=+↔++ −  
)(342.0222 022 SHEVEOHAgeOHOAg +=+↔++ −  
The overall reaction for the lead-acid battery is: 
VEAgOHZnOHZnAgO 815.1)(2 22 =∆+↔++  
The silver-zinc battery has a metallic anode made of a zinc alloy, a silver-oxide cathode, a 
cellophane separator, and an electrolyte of 40% potassium hydroxide. This battery can operate 
from -20 to +60°C. The open-circuit voltage is 1.86 V, with operation between 1.7 and 1.3 V. 
The specific power, power density, specific energy and energy density are 5560-1470 W/kg, 
9530-2520 W/L, 105-110 Wh/kg, and 180-300 Wh/L, respectively. The cycle life of a typical 
silver-zinc battery is limited, with a maximum live of approximately 250 cycles (to 80% of the 
original capacity). The cost of energy storage is approximately $600 per kilowatt-hour, which 
reflects the high cost of the silver used in the cathode. In summary, silver-zinc batteries are 
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proven technology, with a long history of sub-surface application in torpedoes and other sub-
surface vehicles. However, the silver-zinc battery is relatively expensive, suffers from short 
cycle life, but has exceptional specific power and power density, and specific energy and energy 
density rivaling that possible with state-of-the-art (SOA) lithium-ion batteries. The limited cycle 
life prevents it from be a good candidate for remote applications with limited access. 
N ICKEL CADMIUM (N ICD )  BATTERIES  
While nickel-cadmium batteries were contenders in early wireless communication devices, 
portable computers, and electric vehicles, they lost these competitions to NiMH and Li-ion 
technology. However, these batteries are robust, and are still used in a variety of industrial 
applications, including but not limited to: railroad service; switch gear operation; 
telecommunications; interruptible power systems; emergency lighting; aerospace; and military 
applications.  
There are several generic types of nickel-cadmium cells, including but not limited to the vented 
pocket-plate batteries with perforated steel plate current collectors, vented pocket-plate batteries 
with fiber nickel composite (FNC) electrodes, vented sintered-plate batteries, and portable sealed 
batteries. While all three types of nickel-cadmium batteries have essentially the same 
electrochemistry, there are slight differences in construction. The vented cells have a check valve 
to enable the release of gasses generated during operation, and as a result, require periodic 
additions of water to the electrolyte. The sealed battery prevents maintenance free operation, but 
poses the risk of pressurization with explosive mixtures of hydrogen and oxygen in the event of 
overcharge.  
In the case of the pocket cells with perforated steel current collectors, the active material paste is 
pressed directly into the perforated steel current collector, and is in direct contact with the steel. 
In the case of pocket cells with FNC electrodes, the fibers are plated with nickel, and active 
material paste is then impregnated into the void volume of the fiber matrix. In the case of a 
sintered plate cell, the active material is impregnated into a porous sintered-nickel structure 
(plaque), which then contacts the current collector (substrate). The current collector may be 
made from perforated nickel-plated steel (0.1-mm thick, 2-mm holes, and 40% void volume); 
strips of pure nickel; woven screens of nickel-plated steel wire; or woven screens of pure nickel 
wire (0.18 mm wire and 1.0-mm openings). The pocket cells and sintered-plate cells have 
prismatic form factors, while the sealed cells are constructed as button and cylindrical cells. 
In the case of the fully discharged state, the vented sintered-plate nickel-cadmium battery 
consists of a nickel hydroxide positive electrode, and a cadmium hydroxide negative electrode, 
and electrolyte of concentrated potassium hydroxide, and a gas-impermeable separator. The 
active cathode material is approximately 90-97 weight percent nickel hydroxide, with the 
balance being cobalt oxide, contained in a sintered porous nickel plate (80-85% porosity and 0.4-
1.0 mm thick). Similarly, the active cathode material is cadmium hydroxide, also contained in 
Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
46 | P a g e  
 
the pore structure of a sintered metallic plate. The multi-layered separator consists of an 
electrically insulating cloth, and an ion permeable plastic membrane (for example, Celgard 3400, 
Celgard LLC, Charlotte NC) that serves as a barrier to gas. Nickel-cadmium batteries can operate 
from –60 to +60°C. The electrolyte is 31 weight percent KOH (eutectic composition) at full 
charge (specific gravity ~ 1.30). This composition provides the lowest possible operating 
temperature for the cell, since the melting point of this eutectic composition is –66°C. Other 
compositions prevent operation at this low temperature. Since the presence of K2CO3 impurity in 
the electrolyte diminishes cell performance therefore, high purity KOH is essential. The open 
circuit voltage ranges from 1.29 to 1.35 volts, while the float voltage (during trickle charging) for 
the nickel-cadmium battery is approximately 1.36-1.38V. In the case of vented pocket cells, the 
charging rate at a constant voltage of 1.50-1.65 volts is usually limited to 0.1 to 0.4 C. 
These cells are capable of achieving 25-31 Ah/kg, 48-80 Ah/L, 330-460 W/kg (maximum 
power), W/kg, 730-1250 W/L, 30–37 Wh/kg (C rate), and 58-96 Wh/L, and a life of 500-2000 
charge-discharge cycles. In the case of vented pocket cells, the coulomb (Ah) efficiency ranges 
from 72% to 85%, and the energy (Wh) efficiency ranges from 60% to 73%. The cycle life of the 
sealed nickel-cadmium cell is slightly lower (300-700 cycles). At a low depth of discharge 
(DOD) these cells can be charged and discharge as many as 10,000 times. The primary risk of 
explosion comes from the generation of hydrogen during operation. 
The electrochemical reaction at the negative electrode of the nickel-cadmium battery involves 
the reduction and oxidation of cadmium in alkaline solution:  
)(81.022)( 02 SHEVEOHCdeOHCd −=+↔+ −
 
After the negative electrode is completely charged, the following parasitic hydrogen evolution 
reaction may occur: 
)(83.0222 022 SHEVEOHHeOH −=+→+ −  
The electrochemical reaction that occurs at the positive electrode of the nickel-cadmium battery 
involves the oxidation of nickel hydroxide to form nickel oxy-hydroxide: 
 
)(45.0)( 022 SHEVEeOHNiOOHOHOHNi +=++↔+ −
 
At low charging rates, the parasitic oxygen evolution reaction may occur at the positive 
electrode. 
)(40.0424 022 SHEVEeOOHOH +=++→−  
The overall reaction for the nickel-cadmium battery is: 
( ) ( ) VECdOHNiOOHOHCdOHNi 26.1222 222 +=∆++↔+
 
During charging, the reaction proceeds from left to right and during discharge the reaction 
proceeds from right to left.
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N ICKEL-METAL-HYDRIDE  (N IMH)  BATTERIES  
Nickel-metal-hydride (NiMH) batteries were used in the early days of wireless communications 
and portable computing, before lithium-ion battery technology matured. These batteries have 
also been leading contenders for electric vehicle applications, and were the battery of choice for 
the Toyota Prius hybrid electric vehicle, arguably the premier hybrid electric vehicle (HEV) in 
the market, as shown in Figure 5. This choice appears to been made not only on the basis of 
performance and cost, but also on the basis of safety and reliability. There have been several 
highly publicized fires associated with lithium-ion technology, driven in part for the need for 
flammable organic electrolytes. 
 
 
Figure 5 – Toyota Prius hybrid electric vehicle with NiMH battery pack. 
NiMH batteries usually operate between -30°C and +65°C. The open circuit voltage is 
approximately 1.4 volts, while the operating voltage ranges from 0.85 to 1.2 volts. These 
batteries have specific energies of 63-90 Wh/kg; energy densities of 220-250 Wh/L; specific 
powers of 220-240 W/kg; and power densities of 850-1000 W/L (80% depth of discharge in 30 
seconds). The cycle life of the NiMH battery is typically 600-1200 charge-discharge cycles; the 
calendar life is 5-10 years; the self discharge rate is approximately 10 percent per 48 hour period; 
and the cost is approximately $150-400 per kilowatt hour. 
The positive electrodes in the NiMH battery are essentially the same as those used in the NiCd 
battery. However, the negative electrode is radically different. The negative electrode uses AB5-
type or AB2-type metal hydrides as the active material, and copper as the current collector.  
1. AB5-type alloys, such lanthanum nickel (LaNi5), also known as Misch metals 
a. General composition (La-Ce-Pr-Nd-Ni-Co-Mn-Al) 
b. Specific capacities of 270-290 Ah/kg 
c. Capacity densities of 2200-2400 Ah/L 
2. AB2 type alloys, formed primarily from titanium and zirconium,  
a. General composition (V-Ti-Zr-Ni-Cr-Co-Mn-Al-Sn) 
b. Specific capacities of 360-400 Ah/kg 
c. Capacity densities of 2500-2800 Ah/L  
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The ABx designation refers to the ration of A-type elements (La-Ce-Pr-Nd or Ti-Zr) to B-type 
elements (V-Ni-Cr-Co-Mn-Al-Sn). In general, the alloying elements serve the following 
purposes: 
1. Enhanced hydrogen storage capacity: V, Ti and Zr 
2. Lower cost: Ce, Pr, Nd, Gd and Y 
3. Corrosion suppression: Ni, Cr and Co 
4. Corrosion suppression: Al, Ti, Zr and Si 
The electrochemical reaction at the negative electrode of the nickel-metal-hydride battery 
involves the reduction and oxidation of hydrogen ion in alkaline solution, and moves from left to 
right during charging, and right to left during discharge:  
)(83.002 SHEVEOHMHeOHM −=+↔++ −
 
The electrochemical reaction that occurs at the positive electrode of the nickel-metal-hydride 
battery is identical to the reaction that occurs in the nickel-cadmium and nickel metal hydrogen 
batteries, involves the oxidation of nickel hydroxide to form nickel oxy-hydroxide, and moves 
from left to right during charging, and right to left during discharge: 
 
)(45.0)( 022 SHEVEeOHNiOOHOHOHNi +=++↔+ −
 
The overall reaction for the nickel-hydrogen battery is: 
( ) VENiOOHMHOHNiM 28.12 +=∆+↔+
 
This reaction also moves from left to right during charging and from right to left during 
discharge.  
During charging, the positive electrode reaches full charge before the negative electrode, and 
begins experiencing overcharge. The reaction that occurs at the positive electrode is: 
)(40.0424 022 SHEVEeOHOOH +=++→−  
The oxygen evolved at the positive electrode diffuses through the separator, and begins reacting 
with the metal hydride: 
OHMOMH 22 24 +→+  
This reaction prevents pressure from building within the system, and serves as an intrinsic safety 
mechanism.
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N ICKEL HYDROGEN (N IH2 )  BATTER IES  
The nickel-hydrogen battery is a hybrid energy storage device, formed by combining a nickel 
battery electrode, with the hydrogen electrode of a fuel cell. The primary feature of the nickel 
hydrogen battery is unparalleled cycle life, which is particularly important in applications such as 
commercial geosynchronous earth-orbit (GEO) communications satellites, low earth-orbit (LEO) 
satellites, such as the Hubble space telescope, and the International Space Station (ISS), shown 
in Figure 6. These devices are ideal for storing significant amounts of energy from photovoltaic 
cells. Nickel-hydrogen batteries have achieved more than 40,000 cycles at 40% depth of 
discharge (DOD) in LEO satellites, with calendar lives in excess of 15 years.  
 
Figure 6 – Hubble Space Telescope and International Space Station with NiH2 battery packs. 
Nickel-hydrogen batteries usually operate between 0°C and 60°C. The open circuit voltage is 
approximately 1.4 volts, while the operating voltage ranges from 0.85 to 1.2 volts. While they 
have reasonable specific energy (48-64 Wh/kg), they suffer from relatively low volumetric 
energy density (56-106 Wh/L). The cycle life of the nickel-hydrogen battery is typically 1500-
6000 charge-discharge cycles, with 40,000 cycles possible at 40% depth of discharge (DOD). 
The primary risk of explosion comes from the hydrogen. The hydrogen pressure in the battery 
can be used as a direct measure of the state of charge (SOC). 
The positive electrode consists of porous sintered nickel, impregnated with nickel hydroxide 
(active material loading of 1.65 to 1.57 grams per cubic centimeter of void volume), while the 
negative electrode consists of a photo-etched nickel current collector, with a coating of active 
material that consists of platinum black (7 mg/cm2) with Teflon binder. A hydrophobic Teflon 
backing on these electrodes prevents electrolyte loss, while allowing hydrogen and oxygen 
permeation. The separator is usually made of either fuel-cell grade asbestos paper, or fibrous 
zirconium oxide separators (Zicar ZYK-15 cloth, 250 to 380 microns thick). Aqueous potassium 
hydroxide is used as the electrolyte, with compositions ranging from 25 to 38 weight percent. 
The lowest operating temperature (-66°C) can be achieved with at the eutectic concentration of 
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31 weight percent. The pressure vessel is cylindrical with domed hemispherical ends, and is 
made of Inconel 718 alloy. The operating pressure is typically between 4.1 to 8.3 MPa, which 
provides a safety factor of 2 to 4. These cells can be fabricated in bipolar stacks to achieve higher 
terminal voltages. 
The electrochemical reaction at the negative electrode of the nickel-hydrogen battery involves 
the reduction and oxidation of hydrogen ion in alkaline solution, and moves from left to right 
during charging, and right to left during discharge:  
)(83.0222 022 SHEVEOHHeOH −=+↔+ −
 
The electrochemical reaction that occurs at the positive electrode of the nickel-hydrogen battery 
is identical to the reaction that occurs in the nickel-cadmium and nickel metal hydride batteries, 
involves the oxidation of nickel hydroxide to form nickel oxy-hydroxide, and moves from left to 
right during charging, and right to left during discharge: 
 
)(45.0)( 022 SHEVEeOHNiOOHOHOHNi +=++↔+ −
 
The overall reaction for the nickel-hydrogen battery is: 
( ) VEHNiOOHOHNi 25.122 22 +=∆+↔+
 
This reaction also moves from left to right during charging and from right to left during 
discharge. During overcharge, the reaction that occurs at the positive electrode is: 
)(40.0424 022 SHEVEeOHOOH +=++→−  
The reverse reaction occurs at the negative electrode: 
)(40.0442 022 SHEVEOHeOHO +=→++ −  
During charging, the reaction proceeds from left to right and during discharge the reaction 
proceeds from right to left.
 
SODIUM SULFUR (NAS)  BATTER IES  
The sodium-sulfur battery is categorized as a sodium-beta battery, and has a molten sodium 
anode, a β″-Al2O3 ceramic separator, which also serves as the solid-state, Na+-conductive 
electrolyte, and a molten sulfur cathode. This battery is challenged by the need for a relatively 
high operating temperature of 290 to 390°C. The open-circuit voltage is 2.08 V, with operation 
between 1.95 and 1.78 V. The specific power, power density, specific energy and energy density 
are 390-250 W/kg, 604-386 W/L, 117-226 Wh/kg, and 147-370 Wh/L, respectively. The 
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sodium-sulfur battery has exceptional cycle life, with a maximum life of approximately 2,250 
cycles (to 80% of the original capacity), making it a reasonable choice for remote deployment 
where maintenance would be difficult. Despite the use of molten alkali electrodes, which can 
react with air and water, this battery has a very good safety record. No gaseous reaction products 
are formed during overcharge, and the separator tends to be self-healing. The cost of energy 
storage is approximately $300 per kilowatt-hour, which is modest. In summary, sodium-sulfur 
batteries are proven technology, with a solid history of applications in grid-storage (NGK 
Corporation of Japan). The sodium-sulfur battery is a reasonable contender for sub-surface 
applications, but will require insulated battery bottles, and auxiliary heating equivalent to 
approximately 10% of the batteries stored energy [Reference: Joseph C. Farmer, Lawrence 
Livermore National Laboratory, 2009]. 
ELECTROCHEMISTRY OF THE SODIUM SULFUR BATTERY  
The cell reactions for the sodium/sulfur battery are summarized here. The molten sodium serves 
as the anode (negative electrode) and undergoes oxidation with the liberation of electrons during 
discharge: 
eNaNa dis 222 +→ +  
The standard electrode potential for this reaction in aqueous solution at 25°C is -2.107 V vs. 
NHE [Bard & Faulkner 1980]. The molten sulfur that serves as the cathode (positive electrode) 






For the special case where x = 1, the standard electrode potential for this reaction in aqueous 
solution at 25°C is -0.508 V vs. NHE [Bard & Faulkner 1980]. During discharge, electrons flow 
through an external circuit from the negative sodium electrode to the positive sulfur electrode. 
The overall cell reaction during discharge is therefore: 
voltsExSNaxSNa xdis 076.2)57.2(2 02 =−=→+
 
During charging, these reactions are reversed, with reduction of sodium ions and oxidation of 
sulfide anions: 
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voltsExxSNaSNa charx 076.2)57.2(22 =∆−=+→  
This sodium/sulfur cell is written in shorthand notation as: 
voltsES(l)|S(s)|O-Alβ| Na|Na(l) - 076.2+ 232 =∆′′− +  
SODIUM METAL CHLORIDE (ZEBRA)  BATTER IES  
The ZEBRA battery was invented in 1985 by a group led by Dr. Johan Coetzer at the CSIR in 
Pretoria, South Africa. Some authors state that the ZEBRA name stands for the “Zeolite Battery 
Research Africa Project” which developed the technology, which seems most reasonable, while 
other authors state that ZEBRA name stands for “Zero Emission Battery Research Activities” 
[Kluiters et al. 1999]. The ZEBRA battery is also categorized as a sodium-beta battery, like the 
sodium-sulfur battery. It also has a molten sodium anode and a β″-Al2O3 ceramic separator, 
which also serves as the solid-state, Na+-conductive electrolyte, but has a Ni/NiCl2 cathode with 
a secondary NaAlCl4 electrolyte, instead of the sulfur-based cathode used in the sodium-sulfur 
battery. This battery is also challenged by the need for a relatively high operating temperature of 
220 to 450°C. The open-circuit voltage is approximately 2.58 V, with operation believed to 
occur between 2.25 and 1.72 V, slightly higher than the terminal voltage of the sodium-sulfur 
battery. The specific power, power density, specific energy and energy density are 171-169 
W/kg, 265-261 W/L, 94-119 Wh/kg, and 148-183 Wh/L, respectively, lower than that possible 
with sodium-sulfur technology. The ZEBRA battery has exceptional cycle life, even better than 
that achieved with the sodium-sulfur battery, with a maximum life of approximately 3,500 cycles 
(to 80% of the original capacity), making it a reasonable choice for remote deployment where 
maintenance would be difficult. The cost of energy storage is only $220 per kilowatt-hour, which 
is less than that for the sodium-sulfur battery. In summary, ZEBRA batteries are proven 
technology, with a solid history of applications in transportation, proven in electrical school 
buses for the Sacramento Utility District and delivery vans in Europe. These batteries are also 
being considered for grid-storage in Canada, and deep-ocean applications, including the NATO 
deep-sea rescue vehicle (DSRV). The ZEBRA battery is a reasonable contender for sub-surface 
applications, but will require insulated battery bottles, and auxiliary heating equivalent to 
approximately 10% of the batteries stored energy [Farmer 2009]. 
In regard to the ZEBRA battery, the reaction at the anode (negative electrode) during discharge 
is identical to that of the sodium/sulfur battery, while the reaction at the cathode (positive 
electrode) is very different. In contrast to the sodium/sulfur battery, which involves the reduction 
of sulfur during discharge, the sodium/metal-chloride (ZEBRA) battery involves the reduction of 
transition metal ions such as Ni2+ or Fe2+ during discharge, with the these ions being paired with 
chloride anions as chloride salts. Furthermore, a secondary electrolyte of NaAlCl4 is required in 
the cathode compartment. Ideally the cathode reactions during discharge for the sodium/nickel-
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chloride (ZEBRA) and sodium/iron-chloride cells are: 
)(2)(22)(2 lNaClsNieNasNiCl dis +→++ −+  
)(2)(22)(2 lNaClsFeeNasFeCl dis +→++ −+  
The corresponding overall cell reactions are: 
voltsENaClNiNaNiCl dis 58.2222 =∆+→+  
voltsENaClFeNaFeCl dis 35.2222 =∆+→+  
In the case of the sodium/nickel-chloride battery, iron is sometime used as an additive in the 
nickel electrode. This sodium/nickel-chloride or ZEBRA cell is written in shorthand notation as: 
voltsENi(s)|sNiCl|lNaAlCl(s)|O-Alβ| Na|Na(l) 58.2+ )()( 2432 =∆′′− +  
The two electrodes are separated by ceramic β″-Al2O3 (β″-alumina) that conducts sodium ions 
with acceptable ease at sufficiently high temperatures (250 to 350 °C). The β″-Al2O3 electrolyte 
is made as a cruciform-shaped tube with the positive electrode on the inside and the molten 
sodium negative electrode on the outside. The NaAlCl4 melt serves as a secondary electrolyte on 
the positive side that creates a high surface area interface with the NiCl2/Ni powder mixture. The 
whole cell arrangement is placed in a stainless steel case with a square cross section.  
After depletion of the NiCl2 during discharge (an over discharge condition), the reduction of the 
NaAlCl4 secondary electrolyte begins, with the production of metallic aluminum [Braithwaite & 
Auxer 2002]: 
voltsEAlNaClNaAlClNa disover 58.123 4 =∆+ →+  
This aluminum forms a shunt through the cell, without any catastrophic result, enabling a series 
string of cells to continue operation. If the cell is over-charged, excess nickel chloride will be 
produced by the decomposition of the secondary electrolyte, in accordance with the following 
reaction [Braithwaite & Auxer 2002]: 
voltsENiClAlClNaNaAlClNi charover 05.3222 234 =∆++ →+
 
Although degradation of the positive electrode will occur during excessive discharge, this 
reaction will prevent voltage-induced fracturing the β″-Al2O3 electrolyte. During operation, cells 
and batteries can be safely over-charge by more than 50% [Braithwaite & Auxer 2002]. 
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RECHARGEABLE BATTERIES  WITH L ITHIUM AND L I THIUM ALLOY ANODES  
Lithium batteries with both organic liquid and solid-polymer electrolytes have been known to 
provide excellent specific energy and energy density, as shown Figures 7 and 8, and Table 11.  
The new rechargeable Li-air battery is said to have 13,000 Wh/kg, though this number ignores 
the masses required for current collection, electrolyte and separator mass, the air cathode, and 
packaging. Designs accounting for all of the materials involved in the battery construction have a 
more modest specific energy of ~1,084 Wh/kg, which is still outstanding. Unfortunately, the 
cycle life and power density are limited. Based upon published values of current densities from 
such batteries, it appears that the specific power and power density of practical Li-air batteries 
could be as low as 13 W/kg and 39 W/L, respectively, which are substantially less than the levels 
required for viable grid batteries.  
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Figure 7 – Specific Energy of Lithium Secondary Batteries with Liquid-Organic Electrolytes 
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Table 11 – Comparison of Li Battery Performance Characteristics to Those of Other Batteries
 
Battery Type Midpoint Voltage Specific Energy Energy Density 
  V Wh/kg Wh/L 
NiCd 1.20 30 100 
Pb-Acid 2.00 35 80 
Ag-Zn 1.50 90 180 
Zn/Alk/MnO2 (Primary) 1.10 120 360 
LixC/LiCoO2 (Cell 2) 3.70 153 301 
LixC/LiCoO2 (Cell 3) 3.70 182 359 
Li/MnO2 (Primary)   225 500 
Li/MoS2 1.75 50 135 
Li/TiS2 2.10 95 235 
Li/LiCoO2 3.80 95 235 
Li/NbSe3 1.95 100 270 
Li/MnO2 2.80 120 265 
Li/LiNiO2 3.60 155 325 
Li/SO2 3.00 75 200 
Li/CuCl2 3.20 75 220 
Li/PEO/TiS2 2.10 100 80 
Li/PEO/V6O3 3.00 100 80 
Li/SPE/LiMn2O4 3.25 125 250 
Li/Proprietary/V6O13 2.40 160 260 
Li/SPE/V6O13 3.25 200 385 
LiAl/C 2.40 1.2 4 
LiAl/Polymer 2.50 3 10 
LiAl/V2O5 1.80 30 100 
LiC/V2O5 2.70 30 93 
LiAl/MnO2 2.50 45 120 
LixC/LiNiO2   3.60 60 155 
LixC/LiMn2O4   3.70 70 165 
LixC/LiCoO2 (Cell 1) 3.70 80 190 
LixC/LiCoO2 (Cell 2) 3.70 153 301 




Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
57 | P a g e  
 
L ITHIUM ION BATTERIES  
Virtually all modern cellular telephones and portable computers use lithium-ion batteries for 
energy storage. Other important applications of this technology include emerging electric 
vehicles, such as the Tesla sports car, various autonomous underwater vehicles (AUVs), manned 
underwater vehicles (UUVs), the Mars Rover, and large laser systems, as shown in Figure 9.  
 
Figure 9 – The Tesla Sports car is powered by thousands of 18650 liquid-filled Li-ion cells 
integrated into a large high-capacity battery pack. 
The modern Li-ion battery has an anode that consists of a graphite-based active material (Li-C6) 
with carbon filler and polyvinylidene fluoride (PVDF) binder coated onto a copper foil current 
collector; a cathode that consists of a transition metal oxide or iron phosphate (LixNiO2, 
LixCoO2, LixMn2O4, mixtures of these, or LixFePO4) active material with a PVDF binder coated 
onto an aluminum foil current collector; a microporous polyethylene separator; and an electrolyte 
consisting of a mixed organic carbonate solvent (EC:DMC:DEC) and LiPF6 salt. The liquid 
cylindrical or prismatic cells are contained in a hermetically sealed metal can, while polymer-gel 
cells are contained in a soft aluminum-polyethylene laminate package, with thermally laminated 
seams. In the case of the polymer-gel cell, the polyethylene separator is usually coated on both 
sides with porous PVDF layers. This battery can operate from –40 to + 60°C. The open-circuit 
voltage is 4.1 V, with operation between 4.0 and 3.0 to 2.8 V. These cells are capable of 
achieving 74–1100 W/kg, 147–2270 W/L, 182–225 Wh/kg, and 359–400 Wh/L, and a life of 
400–1,500 charge-discharge cycles. Serious safety issues have been encountered with this 
technology, due in part to the volatility and reactivity of the organic-based electrolytes that are 
used, and the ease with which shorts can occur across the thin 20-micron polyolefin separator. 
The electrochemical reaction at the negative electrode involves the oxidation and reduction of 
lithium, and the intercalation of lithium into the synthetic or natural graphite:  
)/(1.0int66 ++ +≈↔++ LiLiVECLixexLiC midpox  
The electrochemical reaction that occurs at the positive electrode, assuming that cobalt oxide is 
used as the active material, leads to lithium intercalation, and is represented as follows: 
 
)/(88.3int212 ++− +=++↔ LiLiVExexLiCoOLiLiCoO midpox  
During charging, the reaction proceeds from left to right, and during discharge the reaction 
proceeds from right to left. The overall reaction for the lithium-ion battery is: 
)/(78.3int212 +− +=∆+↔+ LiLiVECoOLiCLiCLiCoO midpoxx
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ZN –BR FLOW BATTERIES  
As described by Butler et al. [2002] in the Handbook of Batteries, the ZnBr flow battery (ZBM) 
is an attractive energy storage technology, especially for stationary applications. The electrode 
reactions are well known, and are summarized below (reversible potentials at 25°C): 
)(763.02 002 SHEVEZneZn =→←++  
)(087.122 02 SHEVEeBrBr =+→←+−  
)(85.1)()( 0202 SHEVEaqueousBrZnaqueousZnBr =+→←  
The open circuit voltage is 1.85 volts, with a nominal operating voltage of approximately 1.5 
volts. The aqueous electrolyte may be either neutral pH, or alkaline, and may use NH4Cl as the 
salt. N-methyl-N-ethylmorpholinium bromide (MEMBr) may be employed, as a means of 
forming stable complexes with bromide anions in solution. 
One key advantage of such flow batteries is the ability to scale the batteries capacity linearly 
with the size of the reservoirs used for storing the anolyte and catholyte. Other advantages 
include thermal management, the use of abundant raw materials, efficiency, and the relative ease 
of construction. The ZnBr battery was patented over 100 years ago, but has never enjoyed 
widespread commercialization. Technical problems have included the formation of zinc-
dendrites during repeated charging and discharging, which can lead to internal shorts within the 
cell, and the relatively high solubility of Br in the aqueous electrolyte required by the Zn 
electrode.  
The SEA-designed Zn-Br batteries claim 65-75 Wh/kg, 60-70 Wh/L, 90-110 W/kg, 83-101 W/L, 
and 2000-3000 charge-discharge cycles, at a cost of approximately $400/kWh. More recent 
systems are quoted as having more conservative performance than then SEA design of several 
years ago: 34.4-54 Wh/kg, 15.7-39 Wh/L, 2000 charge-discharge cycles, an electrical efficiency 
of 70%, and a cost of $400 per kWh. An artist’s conceptualization of the commercial 5-kW and 
10-kWh “RedFlow” ZBM is shown in Figure 10 [Wikipedia]. This system is said to be scalable 
to capacities ranging from 10 kWh to over 500 kWh.  
For comparison, modern lithium ion cells are capable of achieving 74–1100 W/kg, 147–2270 
W/L, 182–225 Wh/kg, and 359–400 Wh/L, and a life of 400–1,500 charge-discharge cycles. 
Conventional high-temperature sodium-sulfur cells can only deliver 117-226 Wh/kg, 147-370 
Wh/L, 250-390 W/kg, 386-604 W/L, and 3000-4500 charge-discharge cycles, at a cost of 
approximately $220/kWh. Comparisons are shown in Table 12 and Figures 11 through 16. 
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Figure 10 – Artist’s conceptualization of “RedFlow” commercial ZnBr redox flow battery. 
Table 12 – Comparison of Zn-Br Flow Battery to Other Secondary Batteries Discussed 
 
Note – MEMBr = N-methyl N-ethylmorpholinium bromide. 
Parameter Units
ZnBr         
Flow Battery Pb Acid AgZn NaS ZEBRA Li-Ion
Anode none Zn Pb Zn Na Na LiC6
Cathode none Br2 PbO2 AgO/Ag2O S NiCl2 Lix(Ni,Co)O2
Separator none Polyethylene Polyethylene Cellophane β″-Al2O3 β″-Al2O3 Polyethylene
Electrolyte Salt none NH4Cl H2SO4 40% KOH None NaAlCl4 1M LiPF6
Electrolyte Solvent none H2O H2O H2O None None EC:DMC:DEC
Toxic Materials Required elements Br, MEMBr Pb, Sb None S Ni Ni, Co, LiPF6
Strategic Materials Required elements None None Ag None Ni Ni, Co, LiPF6
Minimum Operating Temperature degrees C 20 -20 -20 290 220 -40
Nominal Operating Temperature degrees C 30 30 30 310-350 270-350 30
Maximum Operting Temperature degrees C 50 60 60 390 450 60
Minimum Operating Voltage V 1.35 1.75 1.30 1.78 1.72 3.00
Nominal Operating Voltage V 1.50 1.90 1.50 1.90 2.25 3.80
Maximum Operating Voltage V 1.80 2.00 1.70 1.95 2.67 4.00
Open Circuit Voltage V 1.82 2.10 1.86 2.08 2.58 4.10
Cell Impedance milliohms 920 NA 5 to 15 5 to 32 10 to 45 5 to 10
Time to 80% SOC hours 5 5 to 6 12 to 24 0.75 to 14
Peak Specific Power W/kg 110 210 5560 215-360 250-390 1,100
Specific Power W/kg 90-110 20 5560-1470 390-250 171-169 1100-74
Power Density W/L 83-101 51 9530-2520 604-386 265-261 2270-147
Specific Energy Wh/kg  65-75 (34-54) 20-35 105-110 117-226 94-119 75-182
Energy Density Wh/L 60-70 (16-39) 50-90 180-300 147-370 148-183 139-359
Coulombic Efficiency (Ah/Ah) % 88-95% 80-90% 90% 89-92% ~100% 99%
Electrical Efficiency (Wh/Wh) % 68-73% (70%) 75% 80% NA NA 96%
Self Discharge Rate % per mo. ~ 30 < 3 < 3 < 1 < 1 < 2
Minimum Cycle Life Cycles 2,000 200 10 5,000 3,500 300
Nominal Cycle Life Cycles 2,500 400 100 5,000 3,500 500
Maximum Cycle Life Cycles 3,000 1,100 250 NA 3,500 1,500
Mimimum Calendar Life years 10.0 3.0 0.5 NA 5.0 3.0
Nominal Calendar Life years 15.0 5.5 1.3 7.5 7.0 8.0
Maximum Calendar Life years 20.0 8.0 2.0 15.0 9.0 14.0
Technology Cost $/kWh 400 150 600 300 220 300
Cost Relative to Pb Acid none 2.7 1.0 4.0 1.5 1.5 2.0
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Figure 11 – Trade study comparing operating temperature range for Zn-Br flow battery to those 
of other energy storage technologies  
 
Figure 12 – Trade study comparing operating voltage range for Zn-Br flow battery to those of 
other energy storage technologies  
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Figure 13 – Trade study comparing specific power and power density ranges for Zn-Br flow 
battery to those of other energy storage technologies  
 
Figure 14 – Trade study comparing specific energy and energy density for Zn-Br flow battery to 
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Figure 15 – Trade study comparing charge-discharge cycle life for Zn-Br flow battery to those of 
other energy storage technologies 
 
Figure 16 – Trade study comparing technology cost for Zn-Br flow battery to those of other 
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Chapter 4 – Sodium Beta Batteries  
OVERVIEW  
High-temperature batteries with molten sodium anodes and β″-Al2O3 (beta alumina) electrolyte, 
known as sodium beta batteries are attractive options for large-scale energy-storage applications, 
including electric vehicles, utility generation and distribution and aerospace. Conventional high-
temperature Na-β cells have achieved energy densities approaching those of the best Li-ion cells, 
with specific power comparable to that of the majority of commercially available cells. A 
completely reversible liquid-phase anode, coupled with a solid-state Na-ion conductive 
electrolyte, has enabled the Na-sulfur (NaS) battery to achieve a cycle life of 2,250–3,000 cycles 
at 100% depth-of-discharge and 4,500 cycles at 80% depth-of-discharge, and the Na-metal 
chloride battery (e.g., ZEBRA battery) to achieve even higher cycle life. 
High-temperature Na-β batteries, such as NaS and ZEBRA, have shown cycle lives far superior 
to those achieved with the best Li-ion batteries, as shown in Table 13. The cycle life of 
rechargeable metal-air batteries (including Li-air) is a serious problem due to the inherent 
irreversibility of the electrode reaction that leads to the formation of metal oxide. The primary 
problem with conventional Na-β batteries is the need for high-temperature operation (300–
350°C) to keep the anode above the melting point of sodium. Approximately 15% of the energy 
used by these batteries is to keep the battery heated to the required high-core temperature. 
Specific energy and energy density are compromised by the need for thermal insulation. The 
high operating temperatures also cause defects in materials that limit the overall cycle life, and 
result in unreliable performance and increased maintenance costs.  











Specific Energy 182-225 117-226 94-119 Wh/kg 
Energy Density 359-400 147-370 148-183 Wh/L 
Specific Power 74-1100 250-390 169-171 W/kg 
Power Density 147-2270 386-604 261-265 W/L 
Cycle Life 1500 4500 3000 Cycles 
Cost 3000 300 220 $/kWh 
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SODIUM SULFUR BATTER IES  
The sodium-sulfur battery is categorized as a sodium-beta battery, and has a molten sodium 
anode, a β″-Al2O3 ceramic separator, which also serves as the solid-state electrolyte, Na+-
conductive electrolyte, and a molten sulfur cathode. This battery is challenged by the need for a 
relatively high operating temperature of 290 to 390°C. The open-circuit voltage is 2.08 V, with 
operation between 1.95 and 1.78 V. The specific power, power density, specific energy and 
energy density are 390-250 W/kg, 604-386 W/L, 117-226 Wh/kg, and 147-370 Wh/L, 
respectively. The sodium-sulfur battery has exceptional cycle life, with a maximum life of 
approximately 2,250 cycles (to 80% of the original capacity), making it a reasonable choice for 
remote deployment where maintenance would be difficult. Despite the use of molten alkali 
electrodes, which can react with air and water, this battery has a very good safety record. No 
gaseous reaction products are formed during overcharge, and the separator tends to be self-
healing. The cost of energy storage is approximately $300 per kilowatt-hour, which is modest. In 
summary, sodium-sulfur batteries are proven technology, with a solid history of applications in 
grid-storage (NGK Corporation of Japan). The sodium-sulfur battery is a reasonable contender 
for RPSEA sub-surface applications, but will require insulated battery bottles, and auxiliary 
heating equivalent to approximately 10% of the batteries stored energy [Reference: Joseph C. 
Farmer, Lawrence Livermore National Laboratory, 2009]. 
ELECTROCHEMISTRY OF THE SODIUM SULFUR BATTERY  
The cell reactions for the sodium/sulfur battery are summarized here. The molten sodium serves 
as the anode (negative electrode) and undergoes oxidation with the liberation of electrons during 
discharge: 
eNaNa dis 222 +→ +  
The standard electrode potential for this reaction in aqueous solution at 25°C is -2.107 V vs. 
NHE [Bard & Faulkner 1980]. The molten sulfur that serves as the cathode (positive electrode) 






For the special case where x = 1, the standard electrode potential for this reaction in aqueous 
solution at 25°C is -0.508 V vs. NHE [Bard & Faulkner 1980]. During discharge, electrons flow 
through an external circuit from the negative sodium electrode to the positive sulfur electrode. 
The overall cell reaction during discharge is therefore: 
voltsExSNaxSNa xdis 076.2)57.2(2 2 =∆−=→+
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During charging, these reactions are reversed, with reduction of sodium ions and oxidation of 
sulfide anions: 




voltsExxSNaSNa charx 076.2)57.2(22 =∆−=+→  
This sodium/sulfur cell is written in shorthand notation as: 
voltsES(l)|S(s)|O-Alβ| Na|Na(l) - 076.2+ 232 =∆′′− +  
Since the mid 1960s much development work has been undertaken on rechargeable batteries 
using sodium (Na) for the negative electrodes. Sodium is attractive because of its high reduction 
potential of -2.71 volts, its low weight, its non toxic nature, its relative abundance and ready 
availability and its low cost. In order to construct practical batteries the sodium must be used in 
liquid form. Since the melting point of sodium is 98°C this means that sodium based batteries 
must operate at high temperatures, typically in excess of 270°C. Sodium/sulfur and 
lithium/sulfur batteries comprise two of the more advanced systems of the molten salt batteries. 
The sodium/sulfur battery has reached a more advanced developmental stage than its lithium 
counterpart; it is more attractive since it employs cheap and abundant electrode materials.  
The sodium/sulfur battery uses a sodium ion-conductive electrolyte, operating at a high 
temperature to maintain the sodium anode and the sulfur cathode in a molten state. During 
discharge, the molten Na is oxidized at the Na/β″-Al2O3, forming Na+ ions. These ions migrate 
through the β″-Al2O3 electrolyte, which is usually in the form of a ceramic tube. The beta-
alumina solid electrolyte is sometimes referred to as BASE. 
After diffusion through the β″-Al2O3 separator, Na+ ions combine with sulfur reduced at the 
positive electrode, thereby forming sodium pentasulfide (Na2S5), which is immiscible with the 
remaining molten sulfur. A two-phase system is therefore formed during the initial stage of 
discharge. After all of the free sulfur is converted to Na2S5 during the initial stage of discharge, 
the cell enters a second stage of discharge, with the formation of single-phase polysulfides with 
higher sulfur content (Na2Sx, where x = 2.7 to 5). If discharge continues, the cell enters the third 
stage with the formation of a second two-phase system consisting of residual Na2Sx and Na2S2. 
Most cells are designed to prevent the formation of Na2S2 during such over discharge 
[Braithwaite & Auxer 1995, 2002; Smart & Moore 1998].   
As described in the literature, many developers choose to limit the discharge of the sodium-
sulfur battery to less than 100% of theoretical (~1.9 volts) for two reasons: (1) over discharge 
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decreases the amount of sulfur in the sodium-sulfur reaction product (x decreases from 5 to 3 in 
the Na2Sx reaction product), thereby increasing corrosive attack of cell components by the melt; 
and (2) if the third stage of discharge is entered, with the formation of solid Na2S2, the cell 
impedance increases, and structural damage of the cell can result [Braithwaite & Auxer 2002]. 
Consider the change in molar volume associated with this solid reaction product, and the impact 
of forming such a solid in small occluded areas of the cell. 
SOLID ELECTROLYTE FOR THE SODIUM SULFUR BATTERY (β″-AL2O3 )  
Beta alumina (β″-Al2O3) is the name given to a series of compounds that show fast-ion 
conduction properties [Smart and Moore 1998]. As discussed in the literature, beta alumina has 
the general formula (1+x) Na2O⋅Al2O3 and was first reported by Rankin and Merwin in 1916, 
who thought that it was a polymorph of Al2O3 since they failed to detect the Na2O that was 
present [Farrington and Briant 1979]. The variant that has become known as β″-Al2O3 was later 
discovered by Thery and Briancon in 1962. Both β and β″-Al2O3 crystallize in layered structures, 
where Na ions move in open conduction planes, bound on both sides by two close-packed layers 
of O atoms, and held apart by Al–O–Al columns. The differences in Na+ conductivities of β and 
β″-Al2O3 are due to structural differences in the close-packed layers of O atoms. In essence, the 
β″-Al2O3 has a more open conduction plane, which enables greater mobility of Na ions. Interest 
in these solid-state electrolytes can be traced back to 1966, when research at the Ford Motor 
Company showed that the Na+ ions were very mobile both at room temperature and above. β″-
Al2O3 has a relatively high conductivity at ambient temperature, comparable to concentrated 
aqueous electrolytes [Farrington and … 
The heart of the sodium beta battery is the molten sodium anode, which requires little 
explanation, and the “β-alumina solid-state electrolyte, in which sodium ions are extremely 
mobile. As described in an excellent book on solid-state chemistry by Leslie Smart and Elaine 
Moore [1998]: 
“β-alumina is the name given to a series of compounds which show fast-ion conduction 
properties. The parent compound is sodium β-alumina, Na2O⋅11Al2O3 (NaAl11O17) and is found 
as a by-product from the glass industry. This compound was originally thought to be a 
polymorph of Al2O3 and was named as such; it was only later found to contain sodium ions. 
However, the original name is still used. The general formula for the series is M2O-nX2O3, where 
n can range from 5 to 11; M is a monovalent cation, such as Na+, Cu+, Ag+, NH4+, and X is a 
trivalent cation, such as Al3+, Ga3+ or Fe3+. 
The real composition of β-alumina actually varies quite considerably, from the ideal formula and 
the materials are always found to be rich in Na+ and O2- ions, to a greater or lesser extent. Two 
modifications of the structure exist, β- and β″-alumina, depending on the number of Na+ ions 
present; β″ occurs in the more soda-rich crystals where n = 5 to 7, and β occurs for n = 8 to 11. 
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Interest in these compounds started in 1966 when research at the Ford Motor Company showed 
that the Na+ ions were very mobile both at room temperature and above, as shown in Figure 17. 
The high conductivity of the Na+ ions in β-alumina is due to the crystal structure, which consists 
of close-packed layers of oxide ions, but every fifth layer has three-quarters of the oxygen atoms 
missing. The four close-packed layers contain the Al3+ ions in both octahedral and tetrahedral 
holes (they are known as the spinel blocks due to their similarity to the crystal structure of the 
mineral spinel MgAl2O4. The groups of four close-packed oxide layers are held apart by a rigid 
Al-O-Al linkage; this O atom constituting the fifth oxide layer which contains only a quarter of 
the number of oxygens of each of the other layers. The Na+ ions are found in these fifth oxide 
layers, which are mirror planes in structure. The sequence of the layers is: [C (ABCA) B 
(ACBA) C …], where the parentheses enclose the four close-packed layers and the intermediate 
symbols refer to the fifth oxide layer. The structure of β″-alumina differs slightly in the stacking 
sequence: [C (ABCA) B (CABC) A (BCAB) C …]. 
The sodium ions are located in the faces at the top and bottom of the half-cell. They can move 
around easily for two reasons: (1) there are plenty of vacancies, so there is are choices of sites, 
and (2) the sodium ions are smaller than the oxygen anions. Conduction in the β-alumina only 
occurs within the planes containing the oxygen vacancies; these are known as conduction planes. 
The alkali metal cations cannot penetrate the dense spinel blocks (bounding the conduction 
planes), but can move easily from site-to-site within the plane. As stated previously, β-alumina is 
never found in the stoichiometric form; it is always Na2O rich. The sodium-rich compounds have 
a much higher conductivity than stoichiometric β-alumina. The extra sodium ions have to be 
compensated for by a counter defect in order to keep the overall charge on the compound at zero 
(electroneutrality). There is more than one possibility for this, but in practice, it is found that 
extra oxide ions provide the compensation and the overall formula can be written as 
(Na2O)1+x⋅11Al2O3. The extra sodium and oxide ions both occupy the fifth oxide layer; the fifth 
oxide layer; the oxygen anions are locked into position by and Al3+ moving out from the spinel 
block, and the Na+ ions become part of the mobile pool of ions. The Na+ ions are so fluid 
(mobile) that the ionic conductivity in b-alujmina at 300°C is close to that of typical electrolytes 
at ambient temperature. In general, the β″-aluminas have even higher conductivities that the β-
alumina, but trends to be more sensitive to moisture. In practice, both types of electrolytes (β- 
and β″-alumina) are used in the manufacture of electrochemical cells.” 
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Figure 17 – The conductivity of β″-Al2O3 is approximately 0.011 Ω-1cm-1 at 30°C. Conductivity 
data as a function of temperature, showing the relatively high conductivity of β″-Al2O3 at 30°C, 
but less than that at 300–350°C. 
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Figure 18 – Regression analysis of conductivity data for EPD lithium-stabilized β″-Al2O3 tubes, 
with a predicted conductivity of is approximately 0.0028 Ω-1cm-1 at 30°C based upon the 
correlation. This correlation was used in the model used for the design calculations and 
optimization. 
  

























Na+ Ion Conductivity in β″-Al2O3 vs. Temperature
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APPLICATIONS OF  THE SODIUM SULFUR BATTERY  
A high-temperature 57.6-MWh sodium-sulfur battery system has been installed at the Hitachi 
Systems Factory in Japan for the purpose of grid storage, and is shown in Figure 19. The Hitachi 
Automotive Systems Factory in Japan is the world’s largest battery system for energy storage. It 
uses NGK sodium-sulfur type of Na-β batteries capable of storing 57.6 MW-hours of electrical 
energy, and capable of delivering 6.6 MW for daily load shifting. The system footprint is 
approximately 1160 m2. The proposed system can reduce the foot-print dramatically. 
 
Figure 19 – High-temperature 57.6-MWh sodium-sulfur battery system for grid storage at 
Hitachi Systems Factory in Japan. 
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ZEBRA  BATTERIES  
The ZEBRA battery is also categorized as a sodium-beta battery, like the sodium-sulfur battery. 
The ZEBRA cell has an open circuit voltage of 2.58 volts, and consists of a molten sodium 
anode, an electrolyte of NaAlCl4, which melts at 160°C (320°F) and freezes at 157°C (315°F), a 
sodium-ion conducting β″-Al2O3 separator, and a NiCl2/Ni cathode. The shorthand notation for 
the ZEBRA cell is: Na/NaAlCl4/β″-Al2O3/NiCl2/Ni. The range of operating temperature for this 
battery is given as 270°C (517°F) to 350°C (662°F). This battery technology had achieved a 
specific energy of ~85 Wh/kg and a specific power ~150 W/kg by 1998, and was already 
exceeding most USABC requirements at that point in time [Dustman 1998]. With additional 
development, the performance improved. At the present time, the specific energy is 101-119 
Wh/kg, the energy density is 148-183 Wh/L, and the specific power is 169-171 W/kg at 335°C 
(634°F) [Adendorf 2005; Braithwaite & Auxer 2003]. More recent articles state that the specific 
energy is ~120 Wh/kg and that the peak specific power is ~170 W/kg [O’Sullivan 2006]. 
The ZEBRA battery has exceptional cycle life, even better than that achieved with the sodium-
sulfur battery, with a maximum life of approximately 3,500 cycles (to 80% of the original 
capacity), making it a reasonable choice for remote deployment where maintenance would be 
difficult. The cost of energy storage is only $220 per kilowatt-hour, which is less than that for the 
sodium-sulfur battery. ZEBRA batteries are proven technology, with a solid history of actual and 
envisioned applications that include: electrical school buses for the Sacramento Utility District; 
municipal buses in Santa Barbara; delivery vans in Europe; the NATO DSRV (deep-sea rescue 
vehicle); and grid storage in Canada. The ZEBRA battery is a reasonable contender for sub-
surface applications, but will require insulated battery bottles, and auxiliary heating equivalent to 
approximately 10% of the batteries stored energy [Farmer 2009]. 
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Table 14 – Performance Comparison of ZEBRA and Competing Rechargeable Batteries 
 
  
Parameter Units Pb Acid AgZn NaS ZEBRA Li-Ion Regen FC
Anode none Pb Zn Na Na LiC6 PtRu/C
Cathode none PbO2 AgO/Ag2O S NiCl2 Lix(Ni,Co)O2 Pt/C
Separator none Polyethylene Cellophane β″-Al2O3 β″-Al2O3 Polyethylene Nafion
Electrolyte Salt none H2SO4 40% KOH None NaAlCl4 1M LiPF6 None
Electrolyte Solvent none H2O H2O None None EC:DMC:DEC H2O
Toxic Materials Required elements Pb, Sb None S Ni Ni, Co, LiPF6 None
Strategic Materials Required elements None Ag None Ni Ni, Co, LiPF6 Pt, Ru
Minimum Operating Temperature degrees C -40 -20 290 220 -30 30
Nominal Operating Temperature degrees C 30 30 310-350 270-350 30 90
Maximum Operting Temperature degrees C 60 60 390 450 60 120
Minimum Operating Voltage V 1.75 1.30 1.78 1.72 3.00 0.50
Nominal Operating Voltage V 1.90 1.50 1.90 2.25 3.80 0.70
Maximum Operating Voltage V 2.00 1.70 1.95 2.67 4.00 1.20
Open Circuit Voltage V 2.10 1.86 2.08 2.58 4.10 1.20
Cell Impedance milliohms na 5 to 15 5 to 32 10 to 45 5 to 10 na
Specific Power W/kg 20 5560-1470 390-250 171-169 1100-74 27
Power Density W/L 51 9530-2520 604-386 265-261 2270-147 17
Specific Energy Wh/kg 20-35 105-110 117-226 94-119 75-182 326
Energy Density Wh/L 50-90 180-300 147-370 148-183 139-359 209
Peak Specific Power W/kg 210 5560 215-360 250-390 1,100 na
Coulombic Efficiency (Ah) % 80-90% 90% 89-92% ~100% 99% 90%
Electrical Efficiency (Wh) % 70-75% 75% na na 95% 43%
Self Discharge Rate % per mo. < 3 < 3 < 1 < 1 < 2 na
Minimum Cycle Life Cycles 200 10 na 1,300 300 na
Average Cycle Life Cycles 400 100 2,250 2,500 500 na
Maximum Cycle Life Cycles 1,100 250 na 3,500 1,500 na
Mimimum Calendar Life years 3 1 na 5 1 na
Maximum Calendar Life years 8 2 15 9 5 na
Technology Cost $/kWh 150 600 300 220 300 na
Cost Relative to Pb Acid none 1.0 4.0 1.5 1.5 2.0 na
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ELECTROCHEMISTRY OF THE ZEBRA  BATTERY  
In regard to the ZEBRA battery, the reaction at the anode (negative electrode) during discharge 
is identical to that of the sodium/sulfur battery, while the reaction at the cathode (positive 
electrode) is very different. In contrast to the sodium/sulfur battery, which involves the reduction 
of sulfur during discharge, the sodium/metal-chloride (ZEBRA) battery involves the reduction of 
transition metal ions such as Ni2+ or Fe2+ during discharge, with the these ions being paired with 
chloride anions as chloride salts. Furthermore, a secondary electrolyte of NaAlCl4 is required in 
the cathode compartment. Ideally the cathode reactions during discharge for the sodium/nickel-
chloride (ZEBRA) and sodium/iron-chloride cells are: 
)(2)(22)(2 lNaClsNieNasNiCl dis +→++ −+  
)(2)(22)(2 lNaClsFeeNasFeCl dis +→++ −+  
The corresponding overall cell reactions are: 
voltsENaClNiNaNiCl dis 58.2222 =∆+→+  
voltsENaClFeNaFeCl dis 35.2222 =∆+→+  
In the case of the sodium/nickel-chloride battery, iron is sometime used as an additive in the 
nickel electrode. This sodium/nickel-chloride or ZEBRA cell is written in shorthand notation as: 
voltsENi(s)|sNiCl|lNaAlCl(s)|O-Alβ| Na|Na(l) 58.2+ )()( 2432 =∆′′− +  
The two electrodes are separated by ceramic β″-Al2O3 (β″-alumina) that conducts sodium ions 
with acceptable ease at sufficiently high temperatures (250 to 350 °C). The β″-Al2O3 electrolyte 
is made as a cruciform-shaped tube with the positive electrode on the inside and the molten 
sodium negative electrode on the outside. The NaAlCl4 melt serves as a secondary electrolyte on 
the positive side that creates a high surface area interface with the NiCl2/Ni powder mixture. The 
whole cell arrangement is placed in a stainless steel case with a square cross section.  
After depletion of the NiCl2 during discharge (an over discharge condition), the reduction of the 
NaAlCl4 secondary electrolyte begins, with the production of metallic aluminum [Braithwaite & 
Auxer 2002]: 
voltsEAlNaClNaAlClNa disover 58.123 4 =∆+ →+  
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This aluminum forms a shunt through the cell, without any catastrophic result, enabling a series 
string of cells to continue operation. If the cell is over-charged, excess nickel chloride will be 
produced by the decomposition of the secondary electrolyte, in accordance with the following 
reaction [Braithwaite & Auxer 2002]: 
voltsENiClAlClNaNaAlClNi charover 05.3222 234 =∆++ →+
 
Although degradation of the positive electrode will occur during excessive discharge, this 
reaction will prevent voltage-induced fracturing the β″-Al2O3 electrolyte. During operation, cells 
and batteries can be safely over-charge by more than 50% [Braithwaite & Auxer 2002]. 
After depletion of the NiCl2 during discharge (an over discharge condition), the reduction of the 
NaAlCl4 secondary electrolyte begins, with the production of metallic Al. This Al forms a shunt 
through the cell, without any catastrophic result, enabling a series string of cells to continue 
operation. If the cell is over-charged, excess nickel chloride will be produced by the 
decomposition of the secondary electrolyte. Although degradation of the positive electrode will 
occur during excessive discharge, this reaction will prevent voltage-induced fracturing the β″-
Al2O3 electrolyte. During operation, cells and batteries can be safely over-charged by more than 
fifty percent (50%). 
ELECTROLYTE FOR THE ZEBRA  BATTERY  
The ZEBRA battery consists of a molten sodium anode, an electrolyte of NaAlCl4, which melts 
at 160°C (317°F) and freezes at 157°C (315°F), a sodium-ion conducting β″-Al2O3 separator, 
and a NiCl2/Ni cathode. The nominal operating temperature of this battery is given as 250 °C 
(482 °F). However, the operating temperature range extends from the freezing point of the 
electrolyte, 157°C (315°F) to the practical upper limit of 350°C (662°F). Since both NaAlCl4 and 
Na are liquid at the operating temperature, a sodium-conducting β-alumina ceramic is used to 
separate the liquid sodium from the molten NaAlCl4. This electrolyte serves as an excellent 
separator for molten electrodes, and in the case of the sodium/sulfur battery prevents direct self-
discharge (soft internal short), thereby enabling nearly 100% coulombic efficiency. 
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ARCHITECTURE AND PACKAGING FOR THE ZEBRA  BATTERY  
MES-DEA S.A. started production of the ZEBRA cell with the model identified as ML3G as 
shown in Figure 20. This prismatic-shaped cell has external dimensions of 36.5 mm × 36.5 mm × 
232 mm and a weight of 715 grams. The capacity of this cell is 32 Ah; the OCV is 2.58 V; the 
normal charge voltage is 2.67 V; the fast charge voltage is 2.85 V; the maximum recharge 
voltage is 3.1 V; the peak power at 80% depth-of-discharge and 335°C is 185 W; the maximum 
current levels are +112 A and –60A. The specific energy of this cell is 115 Wh/kg and the 
specific power is 259 W/kg [Dustmann 2001]. 
Cells such as the ML3G have been configured into larger battery packs, as shown in Table 15. 
For example, two-hundred sixteen (216) ML3G cells have been configured as the Z5-278-ML-64 
(OCV = 278 V; operating voltage = 186 V; maximum regeneration voltage = 335 V; maximum 
discharge current = 224 A; capacity = 64 Ah; rated energy = 17.8 kWh) and the Z5-557-ML-32 
(OCV = 557 V; operating voltage = 372 volts; maximum regeneration voltage = 670 V; 
maximum discharge current = 112 A; capacity = 32 Ah; rated energy = 17.8 kWh) battery packs. 
In contrast to the rated energy of 17.8 kW, the energy for a 2-hour discharge (C/2) is 16 kWh 
[Dustmann 2001]. 
The weight- and volume-normalized performance of the ML3G cells is compromised somewhat 
by incorporation into these battery packs. The weight of the 216 cells with the battery 
management interface (BMI) circuitry and housing is 195 kilograms. Subtracting out the weight 
of the BMI: the specific energy is 94 Wh/kg (compared to 115 Wh/kg for the bare cell); the 
energy density is 148 Wh/L; the specific power is 169 W/kg (compared to 259 W/kg for the bare 
cell); and the power density is 265 W/L. The rated peak power is approximately 32 kW. The 
range of operating temperatures for these modules extends from –40°C to +55°C, and the 
thermal losses are less than 100W, assuming an internal temperature of 270°C. The time required 
to reach operating temperature, starting from ambient is 24 hours at 230 VAC [Dustmann 2001]. 
Additional battery packs are described in the literature: the Z17 (weight = 159 kg, height = 210 
mm, OCV = 227 V, capacity = 60 Ah, peak power = 29 kW, rated energy = 13.6 kWh), that is 
built with 264 ML8 cells; and the DERA (weight = 484 kg, height = 300 mm, OCV = 128 V, 
capacity = 128 Ah, peak power = 79 kW, and rated energy = 43.5 kWh), that is build with 528 
ML3 cells [Dustmann 2001]. 
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Figure 20 – ZEBRA Ni-NaCl2 battery, Museum Autovision, Altlußheim, Germany. 




































Capacity Ah 64 32 60 128 64 32 76
Rated Energy kWh 17.8 17.8 136.6 43.5 19.8 19.8 23.5
OCV (0-15% DOD) V 278 557 227 340 310 619 310
Maximum Regeneration Voltage V 335 670 348 696 272
Minimum Operating Voltage V 186 372 206 413 206
Maxiimum Discharge Current A 224 112 224 112 224
Cell Type Model ML3G ML3G ML8 ML3 ML3X ML3X ML3X
Number of Cells in System # 216 216 264 528 240 240 240
Weight with BMI kg 195 195 159 484 201 201 201
Specific Energy without BMI Wh/kg 94 94 101 101 119
Energy Density wihthout BMI Wh/L 148 148 154 154 183
Energy at C/2 Discharge kWh 16 16 18 18 20
Specific Power W/kg 169 169 171 171 170
Power Density W/L 265 265 261 261 261
Peak Power (80% DOD) kWh 32 32 29 79 35.5 35.5 35.5
Minimum Ambient Temperature deg C -40 -40 -40 -40 -40
Maximum Ambient Temperature deg C 55 55 50 50 50
Thermal Loss W 105 105 105
Heating Time at 230 V hours 24 24 24
Reference Name Dustman Dustmann Dustmann Dustman Adendorf Adendorf Adendorf
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CURRENT COLLECTORS&  HERMETIC  SEALS  
The metal battery housing (can) and a metal rod (placed in the center of the cell) are used for 
current collection. Most modern sodium/sulfur cell designs place the sodium anode on the inside 
of the cylindrical β″-Al2O3 separator, with the metal rod used for current collection from the 
molten sodium. This configuration is referred to as a “central sodium” design. A carbon or 
graphite felt is placed between the ceramic separator and the metal battery housing to enable 
current collection from the low conductivity (essentially insulating) sulfur. 
Hermetic seals are needed to prevent cell reactants from contacting air or moisture. Given the 
high operating temperature of the sodium beta batteries, such seals are particularly challenging. 
Two generic types of seals are required: the first to join the sodium-ion conducting β″-Al2O3 
separator to an α-Al2O3 insulator; the second to join the metallic current collectors to the same 
α-Al2O3 insulator. In the case of the ZEBRA battery, the seal materials must be stable in contact 
with molten sodium and the secondary electrolyte of NaAlCl4 molten salt. Corrosion of the 
insulators and seals has been found to be problematic in the harsh chemical environment, since 
the insulator and seal-glass gradually becomes conductive, with a progressive increase in the rate 
of self-discharge. Another generic problem encountered with sodium beta batteries, including 
both the sodium/sulfur and the sodium/nickel-chloride variants, is the grown of sodium 
dendrites. 
THERMAL INSULATION FOR H IGH -TEMPERATURE OPERATION  
The external surface of the battery is kept at a much lower by a thermally insulating can. The 
heat losses in systems housed in a vacuum bottle are less than 40 to 105 watts, depending upon 
the module. The energy density of this device is compromised to some extent by the insulation, 
which in some cases is a vacuum bottle. Alternatives such as silica-based aerogel should be 
considered for providing superior thermal-insulation. If these batteries are allowed to cool to the 
point of freezing, it takes approximately 2 days for reheating so that they can be operated at full 
performance. 
CLAIMS THAT SYSTEM IS  INHERENTLY SAFE  
Perhaps most important, ZEBRA batteries appear to be substantially safer that large-scale 
lithium ion batteries. Even in the worst case scenario, which is assumed to involve an internal 
short with a fully charged cell, with all of the stored energy converted into heat, both the heat and 
the reaction products are contained by the battery. 
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PRESSURE HOUSING  
To house the Z5 battery module, constructed with 216 ML3G cells (6 cell x 36 cell array inside 
cylinder), weighing 195 kilograms with its BMI system, and having a rated specific energy of 
17.8 kWh, a titanium pressure vessel weighing 274 kilograms would be required. This estimate 
is based upon the published stress formula for thin-walled vessels with stiffening rings, subjected 
to the combined effects of uniform and radial and axial pressures. By accounting for the weight 
of the assumed titanium pressure bottle, the specific energy of the ZEBRA battery module would 
be degraded from 91 Wh/kg to 38 Wh/kg (a drop of approximately 58%). This can be improved 
substantially through optimization of the pressure vessel geometry, or through novel pressure 
compensation schemes. 
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INVENTORY OF BATTERY MATERIALS  
The battery materials involved in the construction of a ZEBRA battery, along with selected 
properties, are summarized in Table 16. 
Table 16 – ZEBRA Battery Materials & Selected Properties 
 
  
















g/cm3 deg C deg C M/Mn+ V vs SHE Ah/g
Chlroine gas Cl2 70.91 *3.22 -101 -35 Cl2/Cl- 1.358 0.756
Nickel  Ni 58.71 8.90 1455 2730 Ni/Ni2+ -0.230 0.913
Nickelous chloride NiCl2 129.62 3.55 1001 973 sub. Ni/Ni
2+
-0.230 0.414
Iron Fe 55.85 7.86 1535 2750 Fe/Fe2+ -0.409 0.960
Ferrous chloride Lawrencite FeCl2 126.75 3.16 670 sub. Fe/Fe
2+
-0.409 0.423
α-alumina Corundrum Al2O3 101.96 3.97 2015 2980
β″-alumina Beta Alumina Na2O⋅5(Al2O3) 564.79
β″-alumina Beta Alumina Na2O⋅7(Al2O3) 768.72
Aluminum Al  26.98 2.70 660 2467 Al/Al3+ -1.706 2.980
Na Al Chloride NaAlCl4 191.78 185 Al/Al
3+
-1.706 0.419
Sodium   Na 22.99 0.97 98 883 Na/Na+ -2.711 1.170
Molten Sodium Na 22.99 0.93 98 883 Na/Na+ -2.711 1.170
Sodium Chloride Halite NaCl 58.44 2.17 801 1413 Na/Na+ -2.711 0.460
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APPLICATIONS OF  THE ZEBRA  BATTERY  
As previously discussed, the ZEBRA cell has an open circuit voltage of 2.58 volts, and consists 
of a molten sodium anode, an electrolyte of NaAlCl4, which melts at 160°C (320°F) and freezes 
at 157°C (315°F), a sodium-ion conducting β″-Al2O3 separator, and a NiCl2/Ni cathode. The 
shorthand notation for the ZEBRA cell is: Na/NaAlCl4/β″-Al2O3/NiCl2/Ni. The range of 
operating temperature for this battery is given as 270°C (517°F) to 350°C (662°F); the specific 
energy is 101-119 Wh/kg; the energy density is 148-183 Wh/L; and the specific power is 169-
171 W/kg at 335°C (634°F). More than 3000 charge-discharge cycles have been achieved. 
The estimated cost for ZEBRA batteries, assuming production of 30,000 module assemblies per 
year, was approximately $220/kWh to $300/kWh in 2003. In contrast, the same study estimated 
the cost of lead acid batteries as slightly less than $200 W/kWh, the cost of NiMH as $400/kWh, 
and the cost of Li-ion as $800/kWh. The ZEBRA is more cost competitive than lithium ion and 
nickel metal hydride batteries, but is more expensive than lead acid and nickel cadmium.  
Applications for these rechargeable batteries have focused primarily on their potential used in 
electric vehicles, including delivery vans, taxis, ships and submarines. Individual cells with the 
nominal cell voltage of 2.58 volts and capacity of 32 Ah have been configured in series-parallel 
arrays, thereby achieving an OCV of 300 volts. Module voltages from 24 to 1000 volts, and 
module stored energy of 2 to 50 kWh are discussed in the literature. In 1990, the California Air 
Resource Board worked with the Sacramento Municipal Utility District to field a school bus. A 
TCEV Blubird bus, originally configured to operate with Pb-acid batteries and a Northrop-
Grumman electric drive train was retrofitted with a ZEBRA battery. As of April 2004, this bus 
had operated fourteen (14) months and had traveled 9,936 miles with relatively little difficulty. 
Battery modules with an energy storage capacity of 14.1 kWh have demonstrated 3000 cycles 
with a calendar life in excess of 8 years. According to the literature, the life of these batteries is 
given more generally as 1500 and 3500 charge-discharge cycles, and 5 to 8 years. The ZEBRA 
system has been subjected to several tests for the USABC, and appears to be able to pass crash, 
over-charge, short circuit, vibration, external fire and various underwater tests. From the 
literature, it appears that a $100 million investment in the United States could facilitate the 
construction of 100,000 standard ZEBRA batteries by 2015.  
The sodium/nickel-chloride battery has been developed almost exclusively for electric vehicle 
applications [Braithwaite et al. 2002 p. 40.27]. The first batteries constructed by the ZEBRA 
development team used both the iron chloride and the nickel chloride Beta/55 cells. A significant 
problem with these batteries was their very low power capability. Batteries containing an 
improved “Slimline” cell design were built and extensively tested in the 1990’s. Several 
thousand kilometers were logged with these systems in a variety of vehicle types, including the 
Mercedes 190. Exceptional service life has been developed with this energy storage technology, 
with early problems encountered with the battery seal apparently solved, and a service life 
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greater than 1000 charge-discharge cycles demonstrated. More recently, substantial 
improvements in both power and energy density have been achieved. The ZEBRA batteries now 
meet or exceed all of the mid-term EV requirements of the three major U.S. automakers, as 
specified through the USABC. 
Applications for these rechargeable batteries have focused primarily on their potential used in 
electric vehicles, including delivery vans, taxis, ships and submarines. Individual cells with the 
nominal cell voltage of 2.58 volts and capacity of 32 Ah have been configured in series-parallel 
arrays, thereby achieving an OCV of 300 volts. Module voltages from 24 to 1000 volts, and 
module stored energy of 2 to 50 kWh are discussed in the literature. 
ELECTR IC PASSENGER BUSES  
These high-temperature batteries have been successfully used in electric vehicles (EVs), 
including delivery vans, taxis, and school-bus fleets, and could potentially be used in deep-sea 
rescue vehicles. The Stingray is a 45-passenger, 30-foot-long bus used in Santa Barbara to 
evaluate new battery technologies. In one demonstration, the Stingray was equipped with a 
conventional sodium-beta ZEBRA 200-kWh battery pack, as shown in Figure 21. In this case, 
the Stingray was able to travel at speeds over 50 miles per hour, with a range of 130 miles. 
ZEBRA’s high operating temperature was one impediment to commercialization of the 
technology.  
   
Figure 21 – Stingray bus used to successfully demonstrate high-temperature ZEBRA batteries. 
A sodium/nickel-chloride ZEBRA battery, an advanced Siemens drive system, and a modern 
CAN Bus linked microprocessor control system were integrated into an existing 1997 TCEV 
Blue Bird Electric School Bus. This work was funded by the California Air Resources Board 
(CARB), Santa Barbara Electric Bus Works (SBEBW), the United States Department of 
Transportation, Research and Special Projects Administration (DOT RSPA), and the Sacramento 
Municipal Utility District (SMUD) [SMUD 2004]. As of April 2004, this bus had operated 14 
months and had traveled 9,936 miles with relatively little difficulty. Prior to installation of the 
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ZEBRA battery, this bus was originally configured to operate with lead acid battery (LAB) and a 
Northrup-Grumman electric drive train. This ZEBRA electric school bus achieved energy 
consumption of better than 15 miles per diesel-equivalent gallon, compared to 6 miles per gallon 
for conventional diesel school bus, or 4 miles per gallon equivalent compressed natural gas. 
In 1997 the Blue Bird Bus Company produced and sold 15 electric school busses based upon 
their 37 and 35 foot California school bus model to support initiatives for replacing older diesel 
school busses with clean zero-emission alternatives. The original fifteen Blue Bird Electric 
Busses used GNB lead acid batteries, and Enerpro Fast Charger, and a Northrup-Grumman Drive 
System (Northrup-Grumman sold this division to Satcon). The initial 15 busses operated 
adequately at first, but problems started to show up after approximately 6 months due to 
premature battery system failures. 
The original lead acid battery pack design stacked two layers of batteries in a steel structure, one 
layer on top of the other, and housed them in fiberglass protective covers. During discharge, cells 
with abnormally low capacity reached discharge first, and were then over-discharged while the 
remainder of the cells with normal capacity completed their discharge. With four parallel strings 
of batteries, it proved nearly impossible to keep the battery state-of-charge (SOC) balanced 
within the strings, and between the 112 individual batteries that made up the packs. A large high-
voltage discharge was experienced at the corner of the upper battery pack, which caused a crack 
in the case, with battery acid leaking on the pack below. Additional problems were associated 
with the lack of an adequate battery management system (BMS), which led to repeated over-
charge and discharge of the individual batteries and premature failure. 
Despite these problems, the buses are said to have been very popular with both the students and 
drivers. Thus, several projects were undertaken to deploy a more advanced battery technology, 
including advanced lead acid batteries, nickel metal hydride batteries, and the sodium/nickel-
chloride batteries, with the goal of resurrecting the Bluebird busses. 
The sodium/nickel-chloride battery used in the electric school bus was marketed extensively by 
AEG ZEBRA Marketing in Germany, and was used extensively in the German EV 
demonstration program at Ruegen Island in the early 1990’s [SMUD 2004; MEA-DEA 2009]. In 
1998 MES-DEA S.A. of Stabio, Switzerland acquired the battery design and tooling, and began 
limited production and marketing of ZEBRA batteries. MES-DEA S.A. is a member of a group 
of privately owned companies that produce components for the automotive industry, which 
constitutes 60% of their business, and household appliance industry, which constitutes 40% of 
their business [Dustmann 2001]. Since that time, MES-DEA has invested in excess of 100 
million Swiss Francs (2004 estimate) in production tooling, and has achieved significant cost 
reductions and technical advancements. For example, by arranging 216 cells in series in their 
Z5C sealed package, a 557 nominal voltage battery has been created, that is ideal for high-power 
(> 150 kW) drive systems. The estimated cost for ZEBRA batteries, assuming production of 
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30,000 module assemblies per year, is approximately $220/kWh. In addition to the electric bus 
developed in California, another electric bus with a ZEBRA battery was successfully developed 
in Italy [O’Sulivan 2006]. MES-DEA A. G. of Switzerland only produces about 2,000 of the 
batteries a year, even though the technology itself has been around since the 1970s [Tyler 
Hamilton, Toronto Sun]. 
ELECTR IC CARS  
The ZEBRA battery has been successfully utilized in several prototype electric vehicles, as 
shown in Figure 22, including the BMW E1, the Mercedes-Benz A-Class, and the Smart Car by 
Daimler-Chrysler [O’Sulivan 2006]. The specific energy of the ZEBRA battery used in the 
Smart Car is given as 120 Wh/kg, and the pulse power capability is given as 170 W/kg. This 26 
kW (36 Hp) ZEBRA battery provides power to a 300-volt electrical bus. The electrical power 
from the battery flows through an IGBT power inverter to a 55 kW (75 Hp peak) permanent 
magnet brushless DC motor (BLDC), which is part of the car’s electric drive train, which was 
designed by Zytek Electric Vehicles Ltd.  
 
Figure 22 – The EV-1 electric car used the current version of the ZEBRA battery.  
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TRAINS  &  GRID  STORAGE  
Citing three decades of successful and safe ZEBRA battery testing, BET President, Malcolm 
Shemmans stated that ZEBRA batteries are better suited for electric vehicle applications than 
lithium-ion and nickel-metal hydride batteries. BET is part of a consortium that was awarded 
funds from Sustainable Development Technology Canada for the conversion of a “Purolator 
Courier” delivery vehicle into an EV using ZEBRA batteries.  BET has also suggested that 
Railpower Technologies use ZEBRA batteries, instead of lead-acid batteries for “Green Goat” 
Locomotives. Other proposed applications of ZEBRA batteries included third-party retrofits of 
the “Renault Twingo” thereby converting it into an electric vehicle. 
According to reports in the Toronto Star by Tyler Hamilton, Halton Hills Hydro and their 
partners, which include BET Services, Incorporated of Mississauga, Canada have constructed a 
100 kWh ZEBRA module as a load-leveling (peak-shaving) demonstration project. The objective 
of this demonstration was to attract private venture capital to further promote the use of ZEBRA 
batteries for such stationary power applications. The article reported that they have ambitions to 
eventually build a 1 MWh system. Halton Hills Hydro and its partners wanted to negotiate a 
licensing agreement with MES-DEA S.A.so that a manufacturing facility could be set up in 
southern Ontario to supply the North American market. This group estimated they could set up a 
manufacturing operation that could produce approximately 100,000 Zebra units by 2015, 
assuming that $100 million (U.S.) could be raised. This would make ZEBRA batteries 
economically viable for utilities, as well as industrial and residential energy storage, as well as 
some transportation applications. 
SURFACE SHIP  AND SUBMARINE APPLICATIONS  
ZEBRA batteries have undergone extensive investigation for applications on submarines and 
futuristic surface ships with electric propulsion. As previously discussed, the ZEBRA battery is 
disadvantaged by the relatively high operating temperature. However, this disadvantage appears 
to be more than offset by the batteries high specific energy, high energy density, exceptional 
safety record, and reliability, as demonstrated for several years in delivery van and taxi 
applications. This outstanding record has led at least two European navies (Royal Navy of the 
United Kingdom; Royal Netherlands Navy; and French Navy) to explore the use of these 
batteries for the electric propulsion of ships and submarines [Williamson & Benstead, 2006; 
Kluiters et al. 1998]. 
In 1995 a 2-year feasibility study, including experimental testing of a 10 kWh battery, was 
completed. This investigated the naval applicability of the sodium/sulfur battery, which is also a 
high temperature battery. Here the limited, experimentally proven, life-time of the batteries of 
about 1.5 years and this made naval application almost impossible. A paper about this study was 
presented at the 19th International Power Sources Symposium held at Brighton, England, in 
April 1995 [Schillemans and Kluiters 1995]. Because of the more or less comparable 
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specifications on specific energy and the more promising results of the life-time and field tests 
with sodium/nickel chloride batteries, a ZEBRA battery from AEG Anglo Batteries has been 
tested for naval applications. This was done by simulating the charge and discharge as it occurs 
in practice for the applications investigated. With respect to the electrical ship application 
(investigated for the Royal Netherlands Navy) the power versus time taken from the battery was 
simulated as well as the charge procedures. The same can be done for the vehicle application: in 
this case typical drive cycles for a van or taxi are translated to power versus time taken from the 
battery. The results of the tests for application of the battery in naval ships are very promising. 
The ZEBRA battery has been selected for use in the North Atlantic Treaty Organization (NATO) 
Submarine Rescue System (NSRS), which is a joint venture between the Navies of the United 
Kingdom, France and Norway. The NSRS is a replacement vehicle for the United Kingdom’s 
LR5 system. This battery system will be able to support any submarine that is fitted with 
appropriate docking equipment. Another related application is the Submarine Rescue Vehicle 
(SRV), an Autonomous Underwater Vehicle (AUV) that is entirely powered by ZEBRA 
batteries, which is shown in Figure 23. In this case, the ZEBRA batteries are contained in two 
external pods located outside of the vessels pressure hull. The United Kingdom (UK) Ministry of 
Defense (MoD) intends to install a ZEBRA battery module in a UK submarine so that 
operational sea trials can be executed. The selected application in these initial operational sea 
trials is as a LAB-replacement in service as a backup to the 1 kW Rationalized Internal 
Communications Equipment (RICE) Transformer Rectifier Unit (TRU). A RICE TRU was 
supplied to Rolls-Royce for installation in the ZEBRA Module Array Test Facility (MAFT) at 
the Raynesway site in Derby. This TRU was used to perform an initial mechanical and electrical 
integration of a ZEBRA battery into the RICE TRU, and to enable engineers to establish operator 
training needs. This module apparently consists of four 10-cell strings, constructed with the 
standard ML3G model cells, with a total installed capacity of 150 Ah, and a rated energy of 3.8 
kWh. The final trial will be conducted with a module constructed with newer ML4G cells, with a 
total installed capacity of 125 Ah, and a rated energy of 3.25 kWh [Williamson & Benstead 
2006]. 
In marine and submarine applications, the ZEBRA battery appears to alloy the battery, once 
charged, to retain 100% of its charge, regardless of whether the battery is maintained at its 
operating temperature, or allowed to cool down (to a frozen state). From a mission readiness 
point-of-view, it is conceivable that the batteries on a submarine could be charge to 100% SOC, 
and then placed in a frozen state for a period of years. With a 24-hour heating period, the cells 
would be ready to go [Williamson & Benstead 2006]. Rolls-Royce has been testing the 
performance of this technology for several years. As part of its ongoing assessment through the 
Technology Readiness Level (TRL) system, the United Kingdom (UK) Ministry of Defense 
(MoD) has determined that this technology is sufficiently well-developed to be used in defense 
applications [Williamson & Benstead 2006]. 
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Figure 23 – Autonomous Submarine Rescue Vehicle (SRV) with ZEBRA Batteries
In order to use the ZEBRA battery at depth, there is no demonstrated pressure compensation 
system for these batteries, and they may have to be operated in a cylindrical pressure vessel. To 
assess the impact of the pressure vessel on the state performance m
type battery packs with 216 ML3G cells are assumed as a design basis. As previously discussed, 
two-hundred sixteen (216) ML3G cells have been configured as the Z5
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the literature [Peter A. Thornton, Vito J. Colangelo, Strengthening Mechanisms & Response to 
Thermal Treatment, Chapter 6, Fundamentals of Materials Science, Prentice-Hall, Englewood 
Cliffs, NJ, 1985, p. 134-168; Table 6-1, Elastic Properties for Selected Engineering Materials at 
Room Temperature, p. 144].  
To house the Z5 battery module, constructed with 216 ML3G cells (6 cell x 36 cell array inside 
cylinder), weighing 195 kilograms with its BMI system, and having a rated specific energy of 
17.8 kWh, a titanium pressure vessel weighing 274 kilograms would be required. This estimate 
is based upon the published stress formula for thin-walled vessels with stiffening rings, subjected 
to the combined effects of uniform and radial and axial pressures, which was originally 
developed over 80 years ago [Blake 1990]. By accounting for the weight of the assumed titanium 
pressure bottle, the specific energy of the ZEBRA battery module would be degraded from 91 
Wh/kg to 38 Wh/kg (a drop of approximately 58%). These results are shown in greater detail in 
Table 17. Other more optimal geometries should be explored. 
Table 17 – Impact of Pressure Vessel on the Performance Metrics of ZEBRA Battery 
 
  
Parameter Description Quantity Units Quantity Units
Battery Module Height 9 in 23 cm
Cells Across Width 6 cells 6 cells
Battery Module Width 9 in 22 cm
Pressure Vessel Inner Radius 13 in 32 cm
Cells Along Length 36 cells 36 cells
52 in 131 cm
Assume 10% Clearance
Inner Radius 13.82 in 35.09 cm
Thickness 0.99 in 2.52 cm
Outer Radius 14.81 in 37.61 cm
Inner Length 56.91 in 144.54 cm
External Pressure 8663 psi 59.73 MPa
Modulus of Elasticity 16000000 psi 110320.00 MPa
Poisson's Ratio 0.31 0.31
Yield Stress 134000 psi 924 MPa
Pressure Vessel Weight 604 lb 274 kg
Battery Module Weight with BMI System 430 lb 195 kg
Pressure Vessel & Battery Module Weight 1034 lb 469 kg
Rated Energy 17.8 kWh 17.8 kWh
Specific Energy with Battery Module Alone 41 Wh/lb 91.28 Wh/kg
Specific Energy with Pressure Vessel 17 Wh/lb 37.93 Wh/kg
Degradation of Specific Energy 58% 58%
Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
88 | P a g e  
 
OPERABIL ITY ISSUES ASSOCIATED WITH THE ZEBRA  BATTERY  
MES-DEA S.A. recommends that ZEBRA batteries be charged in 6 to 8 hours (C/6 to C/8 rate), 
with the possibility of fast-charging to 80% state-of-charge (SOC) in one hour (1C rate). At 
Rolls-Royce, batteries are charged at a constant voltage of 2.67 volts, with a full charge requiring 
7 to 8 hours (comparable to a C/7 to C/8 rate). During the “float charge” of a 10-cell, 27.5-volt, 
38 Ah module at Rolls-Royce, the individual cell impedance increased from 10 to 12 milliohms 
at approximately 0% SOC, to 39-45 milliohms at approximately 100% SOC [Williamson & 
Benstead 2006, Figure 3]. The impedance growth during charging is attributed to the growth in 
size of the NiCl2 crystals at the cathode. 
State-of-the-art ZEBRA batteries are engineered to minimize the effects of corrosion, and as a 
result, are exhibiting very long calendar lives. Field testing with more than 500 (Z5-341-ML01-
F) batteries has demonstrated the ability of these devices to survive more than 1000 charge-
discharge cycles (ECN standard). A calendar life test was started by MES-DEA S.A. on June 
19th, 1991, and has apparently demonstrated a calendar life of greater than 10 years. During a test 
period of 9 years, the battery consistently exhibited an impedance of 12 to 16 milliohms in the 
fully discharged state, and an impedance of 30 to 34 milliohms in the charged state. There was 
little or no impedance growth [Dustmann 2001]. 
From a mission readiness point-of-view, it has been suggested in the literature that the batteries 
on a submarine could be charge to 100% SOC, and then placed in a frozen state for a period of 
years thereby enabling full charge retention for several years. With a 24-hour heating period, the 
cells would be ready to go. If the ZEBRA battery is shut down, a reheating process must be 
initiated that may require up to two days to restore the battery pack to the desired temperature, 
and full charge. This reheating time will however vary depending on the state-of-charge of the 
batteries at the time of their shut down, battery-pack temperature, and power available for 
reheating. After a full shut down of the battery pack, three to four days usually elapse before a 
fully-charged battery pack loses all of its significant heat.  
The heat losses from a ZEBRA module housed in a double-walled vacuum bottle are said to be 
less than less than 40 watts. The natural cooling rate is about -3°C per hour, provided that the 
battery is disconnected from any external power supply [O’Sullivan 2006]. Alternatives to the 
vacuum bottle, such as a silica-based aerogel may provide weight and volume advantages, and 
could be considered for providing superior thermal insulation. If these batteries are allowed to 
cool to the point of freezing, it takes approximately 2 days for reheating so that they can be 
operated at full performance. 
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Energy consumption of the 557-volt ZEBRA battery pack was lower than predicted with 
computational models, with the actual value being around 1 kWh per mile. In contrast, the 317 
volt Ovonic NiMH consumed 1.4 kWh per mile, approximately 40% more than the ZEBRA. 
Some energy is required to keep the ZEBRA warm. Each of the six batteries required 
approximately 100 watts for auxiliary heating (total of 600 watts). The energy budget for heating 
was approximately 240 Wh per mile (0.24 kWh per mile). Thus, approximately one-sixth of the 
energy budget is for keeping the system warm (heat loss to the environment). In the final 
analysis, the ZEBRA bus was said to be reliable and economical, and achieved a diesel-
equivalent fuel mileage of approximately 15 miles per gallon. 
This same literature source [Braithwaite & Auxer 2002, p. 40.26 through 40.27] states that 
module tests with ZEBRA batteries have demonstrated 2500 charge-discharge cycles. This stated 
cycle life may allow for some individual cell failure, with the internal shunting. At the battery 
level, 1300 charge-discharge cycles have been demonstrated, with the ECN European vehicle 
test regime. A calendar life of more than 10 years has now been demonstrated. The end-of-life 
(EOL) criterion has been established as the point in time when the cell or module can store only 
80% of the initial capacity, or when 5% of the individual cells in a module fail. A battery 
monitoring system and controller is designed to detect cell failures and automatically adapt the 
operating parameters. The ZEBRA battery is designed so that no maintenance is required during 
its lifetime. 
SAFETY OF  THE ZEBRA  BATTERY  
At first glance, one might be concerned about the possibility of a catastrophic failure of the 
ceramic separator, with the direct mixing of the reactive liquid sodium with the reactants in the 
other electrode compartment. Furthermore, it would seem reasonable to be concerned about the 
sudden exposure of the molten sodium to air or water.  
Despite these possible reasons for concern, it appears that the ZEBRA has passed a significant 
number of abuse tests over the years, including freeze-thaw cycles, overheating vibration and 
shock. Such testing has included: (1) crash simulation by dropping a fully charged and 
operational battery at 50 km/h impact speed onto a pole; (2) 50% over-charge; (3) immersion in 
water without contamination of the water; (4) exposure of the entire battery to an external fuel 
fire for 30 minutes without material release or combustion; and (5) external short using a metal 
spike pressed into the battery internal components [Braithwaite & Auxer 2002, pp. 40.26 through 
40.27]. 
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The literature source states that the ZEBRA battery passed all of these tests, and as reported, “no 
hazardous effects have been observed and in many cases the battery continued to function.” The 
authors [Braithwaite & Auxer 2002, pp. 40.26 through 40.27; Dustmann 2001] attribute this 
exceptional abuse tolerance is attributed to the following characteristics: 
1. The ZEBRA chemistry contributes to the inherent safety. In the event of a failure in the 
solid-state electrolyte failure, sodium reacts with the NaAlCl4 secondary electrolyte to form 
solid products of Al and NaCl at the failure site (NaAlCl4 + 3Na→4NaCl+Al). These solid 
reaction products impede mass transport, and any further reaction. 
2. Sodium does not react with the Ni or NaCl in the positive electrode. 
3. The reaction products are relatively non-corrosive to the other metallic components. 
4. The container of the ZEBRA cell is made of steel and remains closed at high temperature, 
even if it is compressed during crushing (squeezing). 
5. The steel battery container is double walled, with a high-temperature resistant thermal 
insulation (> 1000°C). Even in the worst case scenario, which is assumed to involve an 
internal short with a fully charged cell, with all of the stored energy converted into heat, the 
heat is contained by the battery. 
6. All reactants and products have relatively low vapor pressure at high temperature. For 
example the vapor pressures of both NaCl and NaAlCl4 are well below 1 atmosphere at 
800°C. 
7. Noting that the electrolyte freezes at 157°C, when cooled to a temperature below 150°C, the 
battery assumes a frozen state, and is unable to deliver any electrical energy. The ability of 
the cell to freeze and cease operation serves as a type of fail-safe mechanism. 
8. The battery management interface (BMI) permits operation only within safe ranges of 
operating parameters. A two-pole circuit breaker is part of the battery, and is opened if any of 
the sampled operating parameters are outside the ranges considered to be safe. 
The ZEBRA technology provides a substantial advantage to the battery pack engineer. In the 
event of internal cell shorts, possibly due to failure of the high-temperature solid-state electrolyte 
and separator, these cells have an intrinsic ability to form an internal aluminum shunts 
[Braithwarte & Auxer 2002, pp. 40.26 through 40.27]. As previously discussed, aluminum from 
the secondary electrolyte in the ZEBRA battery can be reduced, with the formation of an internal 
aluminum short between the two electrodes. Due to this intrinsic ability to form an internal short 
without catastrophic results, several of these batteries can be connected in series to form a long 
chain with as many as 216 cells and voltage of 557 volts, without the need for intercell 
connections or voltage taps. 
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COST OF  THE ZEBRA  BATTERY  
The materials required for construction of low-temperature Na-β cells (Na, K, S, Br, Fe and Cl) 
are environmentally benign and orders-of-magnitude more abundant than those required for Li-
ion cells, which include Co, Ni and Li, as shown in Table 18. The intrinsically low cost of the 
raw materials may make this technology a particularly attractive option for building extremely 
large energy storage systems for grid storage and other such applications. 
Table 18 – The abundance of the raw materials used in the construction of Na-β batteries could 









Na-β Na 2.36×10-2 1.08×10-2 
 K 2.09×10-2 3.99×10-4 
 S 3.50×10-4 9.04×10-4 
 Br 2.4×10-6 6.73×10-5 
 Fe 5.63×10-2 2.00×10-9 
 Cl 1.45×10-4 1.94×10-2 
Li-ion Co 2.50×10-5 2.00×10-11 
 Ni 8.40×10-5 5.60×10-10 
 Li 2.00×10-5 1.80×10-7 
The SMUD report on the application of ZEBRA batteries in electric school busses appears to be 
one of the better sources of cost data [SMUD 2004]. The component costs for the Blue Bird 
electric school bus previously discussed are summarized in Table 19.  
Table 19 – Cost of Components for ZEBRA Electric School Bus 
 
Component Quantity Cost
ZEBRA Battery 6 $70,062
Battery Server 1 $938
Drive Motors 2 $12,000
Flanders Gear Box 1 $9,500
DUO Inverter 2 $22,000
Drive Input Control Unit 1 $3,000
Cable Set 1 $2,753
Electric Vehicle Control Unit 1 $12,880
On Board Power Eq. Package 1 $23,890
Off Board Power Unit 1 $15,760
Total 17 $172,783
Reference: SMUD 2004
Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
92 | P a g e  
 
Using the insights from this cost study, and assuming that the battery pack can deliver 107 kWh 
at 557 volts for an electric school bus application, a cost comparison for various battery 
technologies was prepared and is given in Table 20. The ZEBRA is more cost competitive than 
lithium ion and nickel metal hydride batteries, but is more expensive than lead acid and nickel 
cadmium. However, in regard to system weight and volume, and the number of individual cells 
required to achieve the desired bus voltage, it is more attractive than any other option except 
lithium ion. At the point in time when this comparison was made, the cycle life was assumed to 
be somewhat limited (1250 charge-discharge cycles). However, more recent advancements have 
enabled more than 3000 charge-discharge cycles. Most importantly, the system appears to be 
substantially safer that large-scale lithium ion batteries.  
Table 20 – Comparison of Battery Technologies on the Basis of Performance and Cost 
 
The estimated cost for ZEBRA batteries, assuming production of 30,000 module assemblies per 
year, was approximately $220/kWh in 2002. In contrast, the same study estimated the cost of 
lead acid batteries as slightly less than $200 W/kWh, the cost of NiMH as $400/kWh, and the 
cost of Li-ion as $800/kWh. Other published sources give slightly different, but comparable 
costs for various battery technologies: Pb-Acid ~ $150/kWh; Ni-Cd ~ $400-800/kWh; NiMH ~ 
$250 Wh/kWh; Zn-Air ~ $80/kWh; ZEBRA ~ $300/kWh; LiCoO2 ~ $300/kWh; and LiMn2O4 
$300/kWh [MES-DEA S.A. 2009]. 
Other sources quote the cost of the ZEBRA batteries as being approximately four times greater 
than that of a comparable lead-acid battery, which is more or less consistent with the estimates 
found in the SMUD report. The quoted costs for 14.1 kWh Pb-acid, Ni-Cd and the ZEBRA 
system are: 1,700 €, 5,600 € and 8,000 €, respectively. From the literature, it appears that a $100 
million investment in the United States could facilitate the construction of 100,000 standard 
ZEBRA batteries by 2015.  
  
Quantity Units ZEBRA Saft NiCd NiMH Saft Li Ion Pb Acid
Specific Power W/kg 178 200 180 262 200
Specific Energy Wh/kg 100 55 70 126 35
Energy Density Wh/L 154 88 145 197 90
Cycle Life cycles 1250 2000 2500 2000 500
Cell Voltage V 2.57 1.2 1.2 3.8 2.2
Mass of 107 kWh Pack kg 1070 1945 1529 849 3057
Volume of 107 kWh Pack L 695 1216 738 543 1189
Peak Power of 107 kWh Pack W 190 389 275 222 611
Number of Cells for 557 Volts # 216 464 464 147 253
Cost in 2003 U.S. $ $53,500 $42,800 $80,250 $321,000 $16,050
Reference: SMUD 2004
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SUMMARY OF ZEBRA  PERFORMANCE CHARACTERIST ICS  
The ZEBRA battery has been selected for use in the North Atlantic Treaty Organization (NATO) 
Submarine Rescue System (NSRS), which is a joint venture between the Navies of the United 
Kingdom, France and Norway. The NSRS is a replacement vehicle for the United Kingdom’s 
LR5 system. This battery system will be able to support any submarine that is fitted with 
appropriate docking equipment. Another related application is the Submarine Rescue Vehicle 
(SRV), an Autonomous Underwater Vehicle (AUV) that is entirely powered by ZEBRA 
batteries. In this case, the ZEBRA batteries are contained in two external pods located outside of 
the vessels pressure hull. The United Kingdom (UK) Ministry of Defense (MoD) intends to 
install a ZEBRA battery module in a UK submarine so that operational sea trials can be 
executed.  
The ZEBRA cell has an open circuit voltage of 2.58 volts, and consists of a molten sodium 
anode, an electrolyte of NaAlCl4, which melts at 160°C (320°F) and freezes at 157°C (315°F), a 
sodium-ion conducting β″-Al2O3 separator, and a NiCl2/Ni cathode. The shorthand notation for 
the ZEBRA cell is: Na/NaAlCl4/β″-Al2O3/NiCl2/Ni. The range of operating temperature for this 
battery is given as 270°C (517°F) to 350°C (662°F). This battery technology had achieved a 
specific energy of ~85 Wh/kg and a specific power ~150 W/kg by 1998, and was already 
exceeding most USABC requirements at that point in time. With additional development, the 
performance improved. At the present time, the specific energy is 101-119 Wh/kg, the energy 
density is 148-183 Wh/L, and the specific power is 169-171 W/kg at 335°C (634°F). More recent 
information indicates that the specific energy is ~120 Wh/kg and that the peak specific power is 
~170 W/kg.  
To house the Z5 battery module, constructed with 216 ML3G cells (6 cell x 36 cell array inside 
cylinder), weighing 195 kilograms with its BMI system, and having a rated specific energy of 
17.8 kWh, a titanium pressure vessel weighing 274 kilograms would be required. This estimate 
is based upon the published stress formula for thin-walled vessels with stiffening rings, subjected 
to the combined effects of uniform and radial and axial pressures. By accounting for the weight 
of the assumed titanium pressure bottle, the specific energy of the ZEBRA battery module would 
be degraded from 91 Wh/kg to 38 Wh/kg (a drop of approximately 58%). This can be improved 
substantially through optimization of the pressure vessel geometry, or through novel pressure 
compensation schemes. 
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In regard to system weight and volume, and the number of individual cells required to achieve 
the desired bus voltage, it is more attractive than any other option except lithium ion. At the 
point in time when this comparison was made, the cycle life was assumed to be somewhat 
limited (1250 charge-discharge cycles). However, more recent advancements have enabled more 
than 3000 charge-discharge cycles. 
Most importantly, the system appears to be substantially safer that large-scale lithium ion 
batteries. After depletion of the NiCl2 during discharge (an over discharge condition), the 
reduction of the NaAlCl4 secondary electrolyte begins, with the production of metallic Al. This 
Al forms a shunt through the cell, without any catastrophic result, enabling a series string of cells 
to continue operation. If the cell is over-charged, excess nickel chloride will be produced by the 
decomposition of the secondary electrolyte. Although degradation of the positive electrode will 
occur during excessive discharge, this reaction will prevent voltage-induced fracturing the β″-
Al2O3 electrolyte. During operation, cells and batteries can be safely over-charge by more than 
50%. 
The estimated cost for ZEBRA batteries, assuming production of 30,000 module assemblies per 
year, was approximately $220/kWh in 2002. In contrast, the same study estimated the cost of 
lead acid batteries as slightly less than $200 W/kWh, the cost of NiMH as $400/kWh, and the 
cost of Li-ion as $800/kWh. The ZEBRA is more cost competitive than lithium ion and nickel 
metal hydride batteries, but is more expensive than lead acid and nickel cadmium.  
COMPARISON OF NA -β  PERFORMANCE CHARACTERIST ICS  TO THOSE OF OTHER TECHNOLOGIES  
The sodium-sulfur battery is categorized as a sodium-beta battery, and has a molten sodium 
anode, a β″-Al2O3 ceramic separator, which also serves as the solid-state, Na+-conductive 
electrolyte, and a molten sulfur cathode. This battery is challenged by the need for a relatively 
high operating temperature of 290 to 390°C. The open-circuit voltage is 2.08 V, with operation 
between 1.95 and 1.78 V. The specific power, power density, specific energy and energy density 
are 390-250 W/kg, 604-386 W/L, 117-226 Wh/kg, and 147-370 Wh/L, respectively. The 
sodium-sulfur battery has exceptional cycle life, with a maximum life of approximately 2,250 
cycles (to 80% of the original capacity), making it a reasonable choice for remote deployment 
where maintenance would be difficult.  
The ZEBRA battery is also categorized as a sodium-beta battery, like the sodium-sulfur battery. 
It also has a molten sodium anode and a β″-Al2O3 ceramic separator, which also serves as the 
solid-state, Na+-conductive electrolyte, but has a Ni/NiCl2 cathode with a secondary NaAlCl4 
electrolyte, instead of the sulfur-based cathode used in the sodium-sulfur battery. This battery is 
also challenged by the need for a relatively high operating temperature of 220 to 450°C. The 
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open-circuit voltage is approximately 2.58 V, with operation believed to occur between 2.25 and 
1.72 V, slightly higher than the terminal voltage of the sodium-sulfur battery. The specific 
power, power density, specific energy and energy density are 171-169 W/kg, 265-261 W/L, 94-
119 Wh/kg, and 148-183 Wh/L, respectively, lower than that possible with sodium-sulfur 
technology. The ZEBRA battery has exceptional cycle life, even better than that achieved with 
the sodium-sulfur battery, with a maximum life of approximately 3,500 cycles (to 80% of the 
original capacity), making it a reasonable choice for remote deployment where maintenance 
would be difficult. The cost of energy storage is only $220 per kilowatt-hour, which is less than 
that for the sodium-sulfur battery. 
The performance characteristics of standard sodium-beta batteries are compared to those of other 
technologies in Table 21, and Figures 24 through 29. The lead acid battery is the least expensive, 
lowest performing battery, while the lithium ion battery is the most expensive, highest 
performing, and possibly least safe of the options listed. The lead acid battery can operate from -
20 to +60°C. The open-circuit voltage is 2.1 V, with operation between 2.0 and 1.75 V. The 
specific power, power density, specific energy and energy density are 20 W/kg, 51 W/L, 20-35 
Wh/kg, and 50-90 Wh/L, respectively. The cycle life of a typical lead acid battery can be as long 
as 1100 cycles (to 80% of the original capacity). The cost of energy storage is approximately 
$150 per kilowatt-hour. In summary, lead-acid batteries are proven technology, with a long 
history of sub-surface application in submarines. The silver-zinc battery has a metallic anode 
made of a zinc alloy, a silver-oxide cathode, a cellophane separator, and an electrolyte of 40% 
potassium hydroxide. This battery can operate from -20 to +60°C. The open-circuit voltage is 
1.86 V, with operation between 1.7 and 1.3 V. The specific power, power density, specific 
energy and energy density are 5560-1470 W/kg, 9530-2520 W/L, 105-110 Wh/kg, and 180-300 
Wh/L, respectively. The cycle life of a typical silver-zinc battery is limited, with a maximum live 
of approximately 250 cycles (to 80% of the original capacity). The cost of energy storage is 
approximately $600 per kilowatt-hour, which reflects the high cost of the silver used in the 
cathode. In summary, silver-zinc batteries are proven technology, with a long history of sub-
surface application in torpedoes and other sub-surface vehicles. However, the silver-zinc battery 
is relatively expensive, suffers from short cycle life, but has exceptional specific power and 
power density, and specific energy and energy density rivaling that possible with state-of-the-art 
(SOA) lithium-ion batteries. This battery can operate from –40 to + 60°C. The open-circuit 
voltage is 4.1 V, with operation between 4.0 and 3.0 2.8 V. These cells are capable of achieving 
74–1100 W/kg, 147–2270 W/L, 182–225 Wh/kg, and 359–400 Wh/L, and a life of 400–1,500 
charge-discharge cycles. 
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Table 21 – Performance Characteristics of Na-β and Competing Battery Technologies 
Parameter Units Pb Acid AgZn NaS ZEBRA Li-Ion 
REGEN 
PEMFC 
Anode none Pb Zn Na Na LiC6 PtRu/C 
Cathode none PbO2 AgO/Ag2O S NiCl2 Lix(Ni,Co)O2 Pt/C 
Separator none PE Cellophane β″-Al2O3 β″-Al2O3 PE Nafion 
Electrolyte Salt none H2SO4 40% KOH None NaAlCl4 1M LiPF6 None 
Electrolyte Solvent none H2O H2O None None EC:DMC:DEC H2O 
Toxic Materials material Pb, Sb None S Ni Ni, Co, LiPF6 None 
Strategic Materials material None Ag  None Ni Ni, Co, LiPF6 Pt, Ru 
Min. Op.  Temp. °C -40 -20 290 220 -30 30 
Max. Op. Temp. °C 60 60 390 450 60 120 
Op.  Temp. °C 30 30 310-350 270-350 30.0 0.7 
Min. Op. Voltage V 1.75 1.30 1.78 1.67 2.50 0.50 
Max. Op. Voltage V 2.00 1.70 1.78 2.84 4.00 0.70 
Nominal Voltage V 2.00 1.50 1.90 2.58 4.00 1.20 
OCP V 2.10 1.85 2.08 2.58 4.20 1.20 
Cell Impedance mΩ   5 to 15 5 to 32 10 to 45 5 to 10 na 
Specific Power W/kg 20 0 250-390 169-171 1100-74 27 
Power Density W/L 51 0 386-604 261-265 2270-147 17 
Specific Energy Wh/kg 35 110 117-226 94-119 75-182 326 
Energy Density Wh/L 90 300 147-370 148-183 139-359 209 
Peak Sp. Power W/kg 210   215-360 250-390 1,100 na 
Efficiency % 70%   89-92% 100% 90% 43% 
Self Discharge % / mo. < 3 < 3 < 1 < 1 < 2 na 
Min. Cycle Life cycles 200 10 na 1,300 300 na 
Ave. Cycle Life cycles 400 100 2,250 2,500 500 na 
Max.  Cycle Life cycles 1,100 250 na 3,500 1,500 na 
Min. Calendar Life years 3 1 na 5 1 na 
Max. Calendar Life years 8 2 15 9 5 na 
Technology Cost $/kWh 150 600 300 220 300 na 
Cost vs. Pb Acid none 1.0 4.0 1.5 1.5 2.0 na 
Notes – REGEN FC = regenerative proton exchange membrane fuel cell; information for 
REGEN FC based upon hypothetical designs by author; OCP = open circuit voltage with no 
load; Min. Op. = minimum operating; Ave. Op. = average operating; Max. Op. = maximum 
operating; Self Discharge (% / mo.) = percent of initial specific energy lost every month during 
storage at 100% state of charge (SOC); Cost vs. Pb-Acid = ratio of cost for specified energy 
storage option to that of a sealed lead-acid battery; na = information not readily available. 
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Figure 24 – Range of cell voltages for various energy storage systems, ranging from the open 
circuit voltage (OCV) to the minimum operating voltage. 
 
Figure 25 – Range of operating temperatures for various energy storage technologies considered. 
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Figure 26 – A comparison of the specific energies and energy densities for various energy 
storage systems. 
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Figure 28 – A comparison of the charge-discharge cycle lives for various energy storage 
systems. 
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POSSIBLE  NEXT  GENERATION  SODIUM -BETA TECHNOLOGY  
A potential approach to developing a low temperature sodium beta battery was identified by 
LLNL, and is summarized for informational purposes.  The use of sodium binary alloys, such as 
sodium and potassium (Na–K), with melting points below 30°C and compatible room-
temperature cathodes have the potential to enable the creation of this new class of sodium beta  
(Na-β) batteries, as shown in Figures 30 and 31.  The objective would be to develop a novel low-
temperature sodium-beta (LT Na-β) battery that operates below 30°C, and will eliminate the 
need for auxiliary heating and insulation, making the storage system deployable across a wide 
range of applications. The specific capacity of the anode can be preserved to some extent, since 
both Na and K can undergo anodic dissolution at similar potential, and both can migrate through 
the β″-Al2O3 with similar conductivity.  The reduction in conductivity of the solid-state β″-
Al2O3, due to the lower operating temperature, can be compensated by using optimized ceramic 
tubes as separators.  
Several possible LT Na-β cells designs are envisioned, with Na+-conducting β″-Al2O3 separators 
and electrodes that exist in the liquid state at 30°C without the energy losses and penalties in 
weight and volume associated with 300-350°C operation.  Additions of other alkali metals to 
sodium anodes suppress the melting point over a wide range of compositions.  The sodium 
potassium system is preferred due to its use as a high-performance heat-transfer medium in 
nuclear and other systems, and the environmentally benign nature of products formed from 
sodium and potassium.  However, like Na, this alloy is reactive with water, moist air, and 
oxygen.  It must therefore be used and stored in a dry inert atmosphere, such as dry argon or 
nitrogen.  Effective fire retardants for Na, Na–K include PyrometTM or Met-L-XTM.   
The phase diagram for the Na–K binary alloy published by ASM as shown in Figure 32 indicates 
that the eutectic (33Na–67K) has a melting point at approximately –15°C.  Closer examination of 
the Na–K system reveals that this system remains in the molten state at temperatures at or below 
30°C from 15Na–85K to 60Na–40K.  The effective specific capacity associated with this 
differential composition is approximately 530 Ah/kg, compared to 1,170 Ah/kg from pure Na as 
shown in Figure 33.  Willingness to operate at 40°C extends this range from 10Na–90K to 
70Na–30K. The −15°C (melting point of the eutectic) occurs at a state-of-charge of 
approximately 36 percent.   Therefore, while in standby mode, it is possible to maintain this 
electrode in the molten state at temperatures as low as −15°C (melting point of the eutectic) by 
using the battery management system to control state of charge.  In the event of freezing, the Na–
K electrode should have some tolerance, in that the change in density upon freezing is only 
2.3%.  The densities of frozen Na, frozen K, frozen Na-K (22% Na and 78% K) and liquid Na–K 
are 0.968, 0.828, 0.857, and 0.855 g/cm3, respectively.  In contrast, the freezing of a pure Na 
electrode results in a 4.4% change in density. 
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Figure 30 – Low-temperature sodium-sulfur cell, using low-melting eutectic compositions as 
means to lower operating temperature. 
 
Figure 31 – Low-temperature ZEBRA-type cell, using low-melting eutectic compositions as 
means to lower operating temperature. 
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Figure 32 – Phase diagram for binary Na
–15°C. Other phase diagrams give the melting point of the eutectic
approximately –13°C. 
Figure 33 – The capacity of a relatively low
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Low-temperature (30°C) Na-β cells designed to operate with separators made from commercially 
available (off-the-shelf) ceramic tubes should be able to achieve 425 Wh/kg, 365 Wh/L, 93 W/kg, 
80 W/L, and 5000 charge-discharge cycles at a cost less than $900/kWh.  With the fabrication of  
β″-Al2O3 tubes with more optimal geometry, it may be possible to improve the performance of the 
LT Na-β cells, achieving 331-352 Wh/kg, 493-654 Wh/L, 201-214 W/kg, 300-398 W/L, 5000 
charge-discharge cycles, and an initial capital cost < $50/kWh.  The proposed LT Na-β battery 
might be able to store substantially more energy per unit weight or volume than conventional 
high-temperature Na-β cells, while avoiding the thermal losses resulting from the need to keep the 
conventional Na-β cells hot.  Operation at 30°C instead of 300–350°C will dramatically lower 
thermal losses from the battery, and therefore eliminate the loss of electrical energy necessary for 
heater operation, which could be as much as 10–20% of the stored energy during a 24-hour period. 
By controlling the state-of-charge, the cell can be placed in standby mode above the published 
melting point of –12.62°C without freezing the electrodes.  Lower-temperature operation and the 
use of advanced lightweight materials will allow overall package volume and weight to be 
reduced, thereby enabling a LT Na-β cell to be built with a specific energy ≥ 400 Wh/kg, closer to 
the theoretical limit of 760 Wh/kg; an energy density ≥ 600 Wh/L; a specific power ≥ 200 W/kg; 
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Chapter 5 – Lithium Ion Batteries  
OVERVIEW OF  L ITHIUM ION TECHNOLOGY  
Lithium-ion batteries are proven technology used in virtually all modern cellular telephones and 
laptop computers, and are leading candidates for terrestrial electric vehicles. This technology has 
also been used in applications ranging from space exploration (Mars Rover) to sophisticated 
autonomous underwater vehicles (AUVs) used for oceanographic research. Several of these 
applications are illustrated in Figures 34 through 36. The current worldwide market for lithium 
ion battery technology is approximately U.S. $12 billion, with the potential to grow to $18 
billion by 2017, as shown in Figure 37. The greatest sectors for growth are notebook personal 
computing (NBPC) and automotive applications. The wireless market appears to be reaching 
saturation levels. Source: Hideo Takeshita, Twenty-Fifth (25th) International Battery Seminar, Fr. 
Lauderdale, Florida, March 17, 2008. 
 
Figure 34 – The United States Navy leads the world in the development of cutting-edge ultra 
high-performance energy storage systems. The Advanced SEAL Delivery System (ASDS) is one 
such example, and is capable of using a variety of advanced rechargeable battery systems, 
including lithium ion batteries. 
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Figure 35 – Li-ion battery packs have been developed for use in Autonomous Underwater 
Vehicles (AUVs). These robotic vehicles have proven crucial for both oceanographic research, 
as well as military applications. 
   
Figure 36 – The exceptional specific energy, energy density, specific power and power density 
have made lithium ion batteries leading contenders for both terrestrial robots, as well as electric 
and hybrid electric vehicles. 
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Figure 37 – The current worldwide market for lithium ion battery technology [Hideo Takeshita, 
25th International Battery Seminar, Fort Lauderdale, Florida, March 17, 2008]. 
This battery can operate from –40 to + 60°C. This battery can operate from -40 to +60°C. The 
open-circuit voltage is 4.1 V, with operation between 4.0 and 3.0 V (possibly as low as 2.8 V). 
These cells are capable of achieving 74–1100 W/kg, 147–2270 W/L, 182–225 Wh/kg, and 359–
400 Wh/L, and a life of 400–1500 charge-discharge cycles (to 80% of the original capacity). 
However, poorly constructed cells can have much shorter lives (300 cycles representing poorer 
cells). Based upon published data, the cost of energy storage is believed to be approximately 
$300 per kilowatt-hour (though some quote $1000 per kilowatt-hour). Serious safety issues have 
been encountered with this technology, due in part to the volatility and reactivity of the organic-
based electrolytes that are used, and the ease with which shorts can occur across the thin 20-
micron polyolefin separator. 
Unfortunately, lithium ion batteries have been plagued by a history of significant safety 
incidents, with some causing serious human injury and property damage (loss of commercial 
cargo plane, for example). The lithium-ion battery may prove to be relatively expensive, has 
safety issues that must be dealt with, but has exceptional performance characteristics, that make 
it a leading candidate for consideration. Designs would have to emphasize safety, thermal 
management during charge and discharge, and enhanced battery management systems. 
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MATERIALS  AND ARCHITECTURES FOR L ITHIUM ION CELLS  
The modern lithium-ion battery has: an anode that consists of a graphite-based active material 
(LiC6) with carbon filler and PVDF binder coated onto a copper foil current collector; a cathode 
that consists of a transition metal oxide or iron phosphate (LiNiO2, LiCoO2, LiNi1-xCoxO2, 
LiMn2O2, or LiFePO4) active material with a PVDF binder coated onto an aluminum foil current 
collector; a microporous porous polyethylene separator, and an electrolyte consisting of a mixed 
organic carbonate solvent (EC:DMC:DEC) and LiPF6 salt. More advanced materials are 
evolving, such as the lithium titanate anode (LiTi2O4) and solid state electrolytes such as 
LiPONTM. The liquid cylindrical or prismatic cells are contained in a hermetically sealed metal 
can, while polymer-gel cells are contained in a soft aluminum-polyethylene laminate package, 
with thermally laminated seams. In the case of the polymer-gel cell, the polyethylene separator is 
usually coated on both sides with porous PVDF layers, as shown in Figure 38.  
 
Figure 38 – Complexity of the architecture that will have to be modeled on the cell level. 
The electrochemical reaction at the negative electrode involves the oxidation and reduction of 
lithium, and the intercalation of lithium into the synthetic or natural graphite:  
)/(1.0int66 ++ +≈↔++ LiLiVECLixexLiC midpox  




• Central cathode layer
• LiCoO2 particles
• Polyethylene separator with porous 
PVDF layers with deposited with 
two-phase coating process
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commercially available lithium ion batteries, other active materials have also been explored, with 
some of these possibilities given in Table 22 and shown in Figure 40. The electrochemical 
reaction that occurs at the positive electrode, assuming that cobalt oxide like that shown in 
Figure 41 is used as the active material, leads to lithium intercalation, and is represented as 
follows: 
 
)/(88.3int212 ++− +=++↔ LiLiVExexLiCoOLiLiCoO midpox  
During charging, the reaction proceeds from left to right, and during discharge the reaction 
proceeds from right to left. The overall reaction for lithium-ion battery is: 
)/(88.362162 +− +=∆+↔+ LiLiVECLiCoOLiCLiCoO xx
 
Lithium ion batteries can also be built with a wide variety of other intercalation compounds, 
including manganese oxide, nickel oxide, mixed transition oxides, phosphates and other 
materials listed in Table 23 and shown in Figures 42 and 43. 
 
Figure 39 – Coating of natural graphite, which intercalates lithium, carbon power that serves as a 
conductivity additive, and polyvinyldine fluoride (PVDF) binder, used to bond the materials to a 
copper foil used as the anode current collector. The natural is in the form of rods with a diameter 
of approximately 10 µm and a length of approximately 50-100 µm. 
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  V (Li/Li+) V (Li/Li+) Ah/g Ah/kg Ah/kg Ah/L Ah/L 
LiWO2 0.3 0.3-1.4 0.120 120       
Li0.5C6 0 0.0-1.3 0.185 185       
LiMoO2 0.8 0.8-1.4 0.199 199       
LiTiS2 1.5 1.5-2.7 0.226 226       
LiC6 - 4X Excess Li 0 0.0-0.5 0.372 372 372 837 837 
LiC6 - 95% Active Material 
   
353 
   
LiC6 - 50% Coating Porosity 
    
418 
  
Li-Al Alloy 0.3 0.3 0.800 800       
Li Metal 0 0 3.860 3862 966 2047 512 
 
Figure 40 – Comparison of various anode materials for lithium-ion batteries to metallic lithium 
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Figure 41 – Coating of transition metal oxide powder, which is cobalt oxide in many cases and 
also intercalates lithium, carbon powder that serves as a conductivity additive, and polyvinyldine 
fluoride (PVDF) binder, used to bond the materials to an aluminum foil used as the cathode 
current collector. In this case, the active material is equiaxed cobalt oxide (LixCoO2) crystals 
with diameters of approximately 2-5 µm. 
Table 23 – Examples of Cathode Materials for Construction of Lithium Ion Cells 




  V (Li/Li+) moles Wh/kg 
MoS2 1.70 0.8 230 
MnO2 3.00 0.7 650 
TiS2 2.10 1.0 550 
NbSe3 1.90 3.0 450 
LiCoO2 3.70 0.5 500 
LiNiO2 3.50 0.5 480 
LiMn2O4 3.80 0.8 450 
V6O13 2.30 2.5 300 
V2O5 2.80 1.2 490 
SO2 3.10 0.3 220 
CuCl2 3.30 1.0 660 
Polyacetylene 3.20 1.0 340 
Polypyrrole 3.20 1.0 280 
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Figure 42 – Comparison of the specific capacities of various types of cathode materials used in 
lithium and lithium-ion rechargeable batteries. 
 
Figure 43 – Comparison of the midpoint voltages of various types of cathode materials used in 
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The fabrication of the cell, using thermal lamination as a means of achieving stack pressure, the 
internal impedance of the cell, and the cell’s ability to withstand abuse without developing 
internal shorts depends upon the integrity of a very thin PVDF_coated microporous polyethylene 
separator, like the one shown in Figure 44. In this case, the upper SEM image is a high 
magnification view of the coated separator cross section, with fractures in the PVDF coating on 
both sides of the polyethylene. The fractures are normal to the PVDF-polyethylene interface. The 
lower image gives the characteristic thickness of the coated separator. The conductivities for 
some of the liquid organic electrolytes used in various lithium and lithium-ion batteries are given 
in Table 24 and shown in Figure 45. The physical properties of the organic solvents used to 
prepare these and related electrolytes are given in Tables 25 and 26. These data were taken 
directly from the published scientific literature. 
 
 
Figure 44 – The upper SEM image is a high magnification view of the coated separator cross 
section, showing fractures in the PVDF coating on both sides of the polyethylene. 
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Table 24 – Conductivities for Some Liquid Organic Electrolytes Used in Various Lithium and 
Lithium Ion Batteries 
      Concuctivities (mS/cm) at Various Temperatures (°C) 
Salt Solvent Solvent  Vol. % -40 -20 0 20 40 60 80 
LiPF6 EC/PC 50/50 0.23 1.36 3.45 6.56 10.34 14.63 19.35 
  2-MeTHF/EC/PC 75/12.5/12.5 2.43 4.46 6.75 9.24 11.64 14.00 16.22 
  EC/DMC 33/67   1.20 5.00 10.00   20.00   
  EC/DME 33/67   8.00 13.60 18.10 25.20 31.90   
  EC/DEC 33/67   2.50 4.40 7.00 9.70 12.90   
LiASF6 EC/DME 50/50 freeze 5.27 9.50 14.52 20.64 26.65 32.57 
  PC/DME 50/50 freeze 4.43 8.37 13.15 18.46 23.92 28.18 
  2-MeTHF/EC/PC 75/12.5/12.5 2.54 4.67 6.91 9.90 12.76 15.52 18.18 
LiCF3SO3 EC/PC 50/50 0.02 0.55 1.24 2.22 3.45 4.88 6.43 
  DEM/PC 50/50   2.61 4.17 5.88 7.46 9.07 10.61 
  DME/PC 50/50   freeze 5.32 7.41 9.43 11.44 13.20 
  2-MeTHF/EC/PC 75/12.5/12.5 0.50 0.93 1.34 1.78 2.31 2.81 3.30 
LiN(CF3SO2)3 EC/PC 50/50 0.28 1.21 2.80 5.12 7.69 10.70 13.86 
  EC/DME 50/50   freeze 7.87 12.08 16.58 21.25 25.97 
  PC/DME 50/50   3.92 7.19 11.23 15.51 19.88 24.30 
  2-MeTHF/EC/PC 75/12.5/12.5 2.07 3.40 5.12 7.06 8.71 10.41 2.02 
LiBF4 EC/PC 50/50 0.19 1.11 2.41 4.25 6.27 8.51 10.79 
  2-MeTHF/EC/PC 75/12.5/12.5   0.38 0.92 1.64 2.53 3.43 4.29 
  EC/DMC 33/67   1.30 3.50 4.90 6.40 7.80   
  EC/DEC 33/67   1.20 2.00 3.20 4.40 4.40 5.50 
  EC/DME 33/67   6.70 9.90 12.70 15.60 18.50   
LiClO4 EC/DMC 33/67   1.00 5.70 8.40 11.00 13.90   
  EC/DEC 33/67   1.80 3.50 5.20 7.30 9.40   
  EC/DME 33/67   8.40 12.30 16.50 20.30 23.90   
Source – Handbook of Batteries, Table 34.9, Page 34.9: (1) J. T. Dudley et al. J. Power Sources 
35 (1991) 59-82; (2) D. Guyomard and J. M. Tarascon J. Electrochem. Soc. 140 (1993) 3071-
3081; (3) S. Sosnowski and S. Houssain, Yardney Technical Products, Unpublished. 
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Figure 45 – Conductivities for Some Liquid Organic Electrolytes Used in Various Lithium and 
Lithium Ion Batteries. Source – Handbook of Batteries, Table 34.9, Page 34.9: (1) J. T. Dudley 
et al. J. Power Sources 35 (1991) 59-82; (2) D. Guyomard and J. M. Tarascon J. Electrochem. 
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Table 25 – Organic Solvents Used in Lithium and Lithium Ion Rechargeable Batteries 






































































































Molecular Weight   102.10 88.10 90.08 104.10 118.13 
Boiling Point °C 240 248 91 109 126 
Melting Point °C -49 -79 5 -55 -43 
Density g/cm3 1.198 1.322 1.071 1.000 0.980 
Conductivity S/cm 2.10×10-9 1.00×10-7 1.00×10-7   1.00×10-7 
Viscosity  
(25°C) cP 2.50 1.86 0.59 0.65 0.75 
Dielectric  
Constant (20°C)   64.40 89.60 3.12 2.90 2.85 
Water  
Content ppm 10 10 10   10 
Conductivity  
1M LiAsF6 (20°C)  mS/cm 5.28 6.97 11.00   5.00 
Conductivity  
1M LiPF6 (20°C)  mS/cm 5.20 6.90 6.50 4.30 2.90 
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Table 26 – Organic Solvents Used in Lithium and Lithium Ion Rechargeable Batteries 






























































































Molecular Weight   86.09 72.10 41.00 90.12 118.18 74.10 
Boiling Point °C 202-204 65-67 81 85 121 78 
Melting Point °C -43 -109 -46 -58 -74 -95 
Density g/cm3 1.130 0.887 0.780 0.866 0.842 1.060 
Conductivity S/cm 1.10×10-8 2.10×10-8   3.20×10-8 1.00×10-7 1.00×10-7 
Viscosity  
(25°C) cP 1.75 0.48 0.34 0.46 0.65 0.58 
Dielectric  
Constant (20°C) none  39.00 7.75 38.80 7.20 5.10 6.79 
Water  
Content ppm 10 10   10 10 10 
Conductivity  
1M LiAsF6 (20°C)  mS/cm 10.62 12.87   19.40 10.00 11.20 
Conductivity  
1M LiPF6 (20°C)  mS/cm             
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MANUFACTURE OF L ITHIUM ION BATTERIES  
The standard unit operations involved in the manufacture of modern lithium ion cells is 
discussed here, and shown in detail in Figure 46, and the subsequent figures. The equipment used 
for mixing slurries of active cathode material, binder (PVDF) and carrier solvent for coating 
aluminum foil used as current collector for cathode; and mixing slurries of active anode material, 
binder (PVDF) and carrier solvent for coating copper foil used as current collector for anode is 
shown in Figure 47. 
The slurries of active material are then coated onto one or both sides of the foil current collector 
with the coating equipment shown in Figure 48. A large roll of metal foil is unwound at the 
entrance of the coating machine and passes horizontally over rollers. The foil first passes beneath 
a volume filled with active material slurry, with the slurry being allowed to flow onto the foil at a 
depth governed by a horizontal wedge known as the “doctor blade”. The foil then travels into a 
section of the machine where air drying is used to remove evaporate the organic carrier solvent 
to dryness. As the coating exits the machine, a radiation source (perhaps a Tc-99 gamma source) 
is used with an appropriate detector to measure the coating thickness in real time, with a high 
degree of accuracy. 
The coated anode and cathode foils are then compressed during calendaring, which is done with 
the machine shown in Figure 49. In essence, the calendaring machine is a large precision-
controlled rolling mill, where the metal foils coated with active electrode material are 
compressed to ensure optimum densification, necessary for adequate electrical conductivity of 
the active material coating. However, over compression (densification) can reduce the space 
between particles of active material and carbon additives used to enhance electrical conductivity, 
thereby preventing the transport of lithium ions within the 100-micron thick coating of active 
material. 
Following calendaring, the slitting machine shown in Figure 50 is used to cut roles of coated 
electrodes (anodes and cathodes) into the widths needed for fabrication of lithium ion battery. 
The width of the slitting operation determines the longest dimension of the jelly roll and the 
overall cell package. A well maintained slitting machine is essential to eliminate chards and 
other sharp debris along cut edges of the foil that could ultimately cause puncture of the 20-
micron thick PVDF-coated polyethylene separator, and an internal short. 
Automatic winders shown in Figure 51 are used for combining the anode, separator, and cathode 
int the standard Swiss roll cell configuration (jelly roll) for insertion into package. The three 
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strips of materials are carefully wound around a mandrel, and in the case of prismatic form 
factors, compressed prior to insertion. 
After insertion of the jelly roll into a suitable package, it is automatically filled with the 
electrolyte, which consists of a suitable lithium salt such as LiPF6 and organic solvent. This 
operation is done with the equipment shown in Figure 52. In the case of a liquid filled cell, the 
package is usually a cylindrical or prismatic can, while in the case of a polymer gel cell is a soft-
sided pouch fabricated from a laminate sheet consisting of alternating layers of aluminum and 
polyethylene, with seams formed with a thermal sealing process (similar to bag sealer). Since the 
electrodes and electrolyte in a lithium ion battery are moisture sensitive, and since any moisture 
in the cell reacts with the salt to form gas, thereby causing excessive swelling of the package, the 
entire operation must be conducted in a carefully controlled dry room, where very low humidity 
levels are achieved with large desiccation systems.   
Substantial electronics is required for the formation process. After cells are completed, they are 
placed in racks to receive their initial charge, which is done in such a way to enable adequate 
passivation of the electrode (formation of the solid-electrolyte interface, known as the SEI layer). 
This step in the fabrication process is known as formation, and is done with the equipment 
shown in Figures 53 and 54. 
 
Figure 46 – Manufacturing steps involved in the production of commercial lithium ion cells. 
Mixing Slurries Coating Electrodes Calendaring Slitting Electrodes
Automated WinderFilling & PackagingFormation Room Charging Electronics
Raw Materials
Li Ions
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Figure 47 – Mixing slurries of active cathode material, binder (PVDF) and carrier solvent for 
coating aluminum foil used as current collector for cathode; mixing slurries of active anode 
material, binder (PVDF) and carrier solvent for coating copper foil used as current collector for 
anode. 
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Figure 48 – Slurries of active material are coated onto one or both sides of the foil current 
collector. A large roll of metal foil is unwound at the entrance of the coating machine and passes 
horizontally over rollers. The foil first passes beneath a volume filled with active material slurry, 
with the slurry being allowed to flow onto the foil at a depth governed by a horizontal wedge 
known as the “doctor blade”. The foil then travels into a section of the machine where air drying 
is used to remove evaporate the organic carrier solvent to dryness. As the coating exits the 
machine, a radiation source (perhaps a Tc-99 gamma source) is used with an appropriate detector 
to measure the coating thickness in real time, with a high degree of accuracy. 
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Figure 49 – In essence, the calendaring machine is a large precision-controlled rolling mill, 
where the metal foils coated with active electrode material are compressed to ensure optimum 
densification, necessary for adequate electrical conductivity of the active material coating. 
However, over compression (densification) can reduce the space between particles of active 
material and carbon additives used to enhance electrical conductivity, thereby preventing the 
transport of lithium ions within the 100-micron thick coating of active material. 
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Figure 50 – The slitting machine is used to cut roles of coated electrodes (anodes and cathodes) 
into the widths needed for fabrication of lithium ion battery. The width of the slitting operation 
determines the longest dimension of the jelly roll and the overall cell package. A well maintained 
slitting machine is essential to eliminate chards and other sharp debris along cut edges of the foil 
that could ultimately cause puncture of the 20-micron thick PVDF-coated polyethylene 
separator, and an internal short.  
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Figure 51 – Automatic winders used for combining the anode, separator, and cathode into the 
standard Swiss roll cell configuration (jelly roll) for insertion into package. The three strips of 
materials are carefully wound around a mandrel, and in the case of prismatic form factors, 
compressed prior to insertion. 
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Figure 52 – After insertion of the jelly roll into a suitable package, it is automatically filled with 
the electrolyte, which consists of a suitable lithium salt such as LiPF6 and organic solvent. In the 
case of a liquid filled cell, the package is usually a cylindrical or prismatic can, while in the case 
of a polymer gel cell is a soft-sided pouch fabricated from a laminate sheet consisting of 
alternating layers of aluminum and polyethylene, with seams formed with a thermal sealing 
process (similar to bag sealer). Since the electrodes and electrolyte in a lithium ion battery are 
moisture sensitive, and since any moisture in the cell reacts with the salt to form gas, thereby 
causing excessive swelling of the package, the entire operation must be conducted in a carefully 
controlled dry room, where very low humidity levels are achieved with large desiccation 
systems. 
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Figure 53 – After cells are completed, they are placed in racks to receive their initial charge, 
which is done in such a way to enable adequate passivation of the electrode (formation of the 
solid-electrolyte interface, known as the SEI layer). This step in the fabrication process is known 
as formation. 
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Figure 54 – Substantial electronics is required for the formation process, as shown here. 
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PERFORMANCE CHARACTERIST ICS OF  COMMERCIALLY AVAILABLE  L ITH IUM ION BATTERIES  
The specific energy and energy density of three commercially-available lithium-ion cells, 
fabricated with lithium cobalt oxide cathode material, are compared to the performance 
characteristics of lithium ion cells discussed in the scientific literature, showing that a specific 
energy of 182 Wh/kg and an energy density of 359 Wh/L are well within reach for this 
technology, as shown in Tables 27 through 29, and summarized in Tables 30 through 31, and 
Figure 55. More recent advancements appear to have pushed the achievable performance 
characteristics even higher, with cell builders now showing cells said to have 225 Wh/kg and 400 
Wh/L. In summary, lithium-ion batteries can operate from -40 to +60°C. The open-circuit 
voltage is 4.1 V, with operation between 4.0 and 3.0 V (possibly as low as 2.8 V). These cells are 
capable of achieving 74–1100 W/kg, 147–2270 W/L, 182–225 Wh/kg, and 359–400 Wh/L, and a 
life of 400–1500 charge-discharge cycles (to 80% of the original capacity). High power density 
is enabled by the consistently low cell impedance, with most cells having internal impedance 
even lower than that shown in Figure 56. However, poorly constructed cells can have much 
shorter lives (300 cycles representing poorer cells). Based upon published data, the cost of 
energy storage is believed to be approximately $300 per kilowatt-hour (though some quote 
$1000 per kilowatt-hour). Serious safety issues have been encountered with this technology, due 
in part to the volatility and reactivity of the organic-based electrolytes that are used, and the ease 
with which shorts can occur across the thin 20-micron polyolefin separator. 
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1 Prismatic LiCoO2/LiC6 3.7 
 
3.2 34 50 5 11 510 172 347 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
3.4 34 53 6 12 550 170 332 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
3.7 34 53 7 13 630 179 350 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
4.6 30 48 7 13 650 185 363 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
3.9 35 62 8 15 780 192 341 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
5.5 30 48 8 14 760 201 355 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
4.2 34 67 10 19 920 179 356 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
5.0 37 59 11 24 1080 167 366 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
3.8 34 81 10 21 1030 181 364 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
3.8 53 85 17 34 1540 168 333 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
3.4 57 94 18 35 1700 180 345 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
4.9 60 67 20 38 1850 180 347 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
4.3 57 94 23 43 2060 177 331 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
5.2 60 106 33 58 3090 197 346 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
5.0 185 245 227 488 25000 190 408 
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1 Prismatic LiCoO2/LiC6 3.7 
 
4.4 105 130 60 131 6500 184 400 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
4.4 105 100 46 99 5000 187 400 
     
1 Prismatic LiCoO2/LiC6 3.7 
 
5.2 60 106 33 67 3400 188 380 
     
1 Prismatic Average 
  
 
     
182 359 
     
1 Prismatic Std. Dev. 
        
10 24 
     






























































































































































































































































































222 508 1070 45000 151 319 50 106 
 
0.33 1500 
2 Cylindrical Average 
        
105 225 80 172 
   
2 Cylindrical Std. Dev. 
        
34 70 81 175 
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15.2 7 43.0 111.8 130 621 925 7500 124 185 62 93 5 0.5 300 
3 Prismatic 
 
15.0 6 62.2 111.8 127 883 1440 6000 129 211 65 105 5 0.5 300 
3 Prismatic 
 
30.0 12 62.2 111.8 127 883 1440 12000 129 211 65 105 5 0.5 300 
3  Poly Gel 
  
3.4 106 102 37 85 2800 122 282 24 56 10 0.2 300 
3  Poly Gel 
  
4.2 50 85 18 38 1600 156 332 31 66 10 0.2 300 
3  Poly Gel 
  
3.2 50 85 14 26 1100 158 302 32 60 10 0.2 300 
3  Poly Gel 
  
4.3 34 75 11 22 930 156 313 31 63 10 0.2 300 
3  Poly Gel 
  
3.8 35 62 8 17 750 162 334 32 67 10 0.2 300 
3  Poly Gel 
  
6.4 17 30 3 4.5 200 156 215 31 43 10 0.2 300 
3  Poly Gel 
  
5 20 30 3 4.5 180 150 225 30 45 10 0.2 300 
3  Poly Gel 
  
4.2 20 30 3 4 150 150 238 30 48 10 0.2 300 
3  Poly Gel 
  
3.2 20 30 2 3 120 146 228 29 46 10 0.2 300 
3  Poly Gel 
  
5.9 53 72 23 45 1800 151 302 30 60 10 0.2 500 
3  Poly Gel 
  
5.6 34 50 10 24 920 142 358 28 72 10 0.2 500 
3  Poly Gel 
  
5.4 30 48 8 16.5 700 158 335 32 67 10 0.2 500 
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3  Poly Gel 
  
4.6 30 48 7 14.5 600 158 346 32 69 10 0.2 500 
3  Poly Gel 
  
3.8 34 50 6 13.8 600 160 342 32 68 10 0.2 500 
3  Average 
        
153 301 76 154 
   
3  Std. Dev. 
        
12 55 12 18 
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Table 30 – Comparison of Lithium and Lithium Ion Batteries to Other Rechargeable Battery Technologies 











g V mAh Wh/kg Wh/L C Cycles   
Reference Cells for Comparison 
        
  
NiCd AA 28 1.20 700 30 100 
 
500 Midpoint voltage 
Pb-Acid 
  
2.00 x 35 80 x x Midpoint voltage 
Ag-Zn 
  
1.50 x 90 180 x 100 Midpoint voltage 
Zn/Alkaline/MnO2 (Primary) AA 23 1.10 2450 120 360 x x Midpoint voltage 
LixC/LiCoO2 (Cell 2) AA 18 3.70 400 153 301 x 500 Midpoint voltage 
LixC/LiCoO2 (Cell 3) AA 18 3.70 400 182 359 x 500 Midpoint voltage 
Li/MnO2 (Primary) 2/3 A 17 
 
1400 225 500 x x Midpoint voltage 
Li-Metal Liquid-Organic Cells 
        
  
Li/MoS2 AA 21 1.75 600 50 135 x x Midpoint voltage 
Li/TiS2 AA 20 2.10 900 95 235 x 200 Midpoint voltage 
Li/LiCoO2 AA 21 3.80 500 95 235 x 200 Midpoint voltage 
Li/NbSe3 AA 21 1.95 1100 100 270 x 250 Midpoint voltage 
Li/MnO2 AA 18 2.80 750 120 265 x 250 Midpoint voltage 
Li/LiNiO2 D 105 3.60 4500 155 325 x 50 Midpoint voltage 
Li-Metal Inorganic-Electrolyte Cells 
        
  
Li/SO2 AA 20 3.00 500 75 200 x 50 Midpoint voltage 
Li/CuCl2 AA 21 3.20 500 75 220 x 100 Midpoint voltage 
Li-Metal Polymer-Electrolyte Cells 




2.10 2000 100 80 1/15 100 Cell voltage 
Li/PEO/V6O3 
  





125 250 x x Midpoint voltage 
Li/Proprietary/V6O13 
  





200 385 x x Midpoint voltage 
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Table 31 – Comparison of Lithium and Lithium Ion Batteries to Other Rechargeable Battery Technologies 











g V mAh Wh/kg Wh/L C Cycles   
          
Li-Alloy Cells 
        
  
LiAl/C 2320 2.8 2.40 1.5 1.2 4 x x Midpoint voltage 
LiAl/Polymer 2525 
 
2.50 5 3 10 x x Midpoint voltage 
LiAl/V2O5 2320 2.8 1.80 30 30 100 x x Midpoint voltage 
LiC/V2O5 2430 4.3 2.70 50 30 93 x x Midpoint voltage 
LiAl/MnO2 2430 4 2.50 70 45 120 x x Midpoint voltage 
Li-Ion Cells 
        
  
LixC/LiNiO2 AA 18 3.60 330 60 155 x 500 Midpoint voltage 
LixC/LiMn2O4 AA 18 3.70 350 70 165 x 500 Midpoint voltage 
LixC/LiCoO2 (Cell 1) AA 18 3.70 400 80 190 x 500 Midpoint voltage 
LixC/LiCoO2 (Cell 2) AA 18 3.70 400 153 301 x 500 Midpoint voltage 
LixC/LiCoO2 (Cell 3) AA 18 3.70 400 182 359 x 500 Midpoint voltage 
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Figure 55 – Comparison of lithium ion batteries with various transition metal oxide cathode 





























































Comparsion of Lithium Ion Techologies
Wh/kg
Wh/L
Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
135 | P a g e  
 
  
Figure 56 – Characteristic electrochemical impedance spectra (EIS) for three commercially-
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POSSIBLE  NEXT  GENERATION  L ITH IUM - ION TECHNOLOGY  
In the future, the specific energy and energy density of next-generation lithium-ion cells may be 
enhanced through the use of nano-structural materials, including but not limited to carbon 
nanotubes, as well as Si and Co3O4 nanowire arrays. For example, mesoporous Co3O4 nanowire 
arrays are shown in Figure 57 [Y. Li, B. Tan, Y. Wu, Mesoporous Co3O4 Nanowire Arrays for 
Lithium Ion Batteries with High capacity and Rate Capability, Nano Letters, Vol, 8, No. 1, 265-
270, 2008], while Si nanowire arrays are shown in Figures 58 [C. K. Chen, H. Peng, G. Liu, K. 
McIlwrath, X. Feng Zhang, R. A. Huggins, Y. Cui, High Performance Lithium Battery Anodes 
Using Si Nanowires, Nature Nanotechnology, Vol. 3, January 2008, pp. 31-35]. It appears that 
this approach to rechargeable battery technology might ultimately enable 1,000 Wh/kg, assuming 
that these systems overcome cycle life limitations, could carry these devices beyond the 
performance of conventional lithium ion cells, as illustrated with Figure 59 and shown in Table 
32. However, achieving such performance in safe and reliable production-run cells may still be 
ten or more years away. 
 
Figure 57 – Mesoporous Co3O4 nanowire arrays for possible use as cathode materials in next-
generation lithium ion cells [Source – Y. Li, B. Tan, Y. Wu, Mesoporous Co3O4 Nanowire 
Arrays for Lithium Ion Batteries with High capacity and Rate Capability, Nano Letters, Vol, 8, 
No. 1, 265-270, 2008]. 
 
Figure 58 – Mesoporous Si nanowire arrays for possible use as anode materials in next-
generation lithium-ion cells [Source – C. K. Chen, H. Peng, G. Liu, K. McIlwrath, X. Feng 
Zhang, R. A. Huggins, Y. Cui, High Performance Lithium Battery Anodes Using Si Nanowires, 
Nature Nanotechnology, Vol. 3, January 2008, pp. 31-35]. 
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Figure 59 – Comparison of the capacity of nanostructural active materials to more conventional 
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Table 32 – Predicted performance of hypothetical lithium-ion cell based upon nanostructural 
anode and cathode material, to the best known performance of conventional lithium ion cells. 
Parameter Units 
Hypothetical Li-Ion 
Cell with Nanowire 
Anode & Cathode 
Conventional Li-Ion 
with LiC6 & LiCoO2 
Cathode 
Thickenss of Cell cm  0.5104 
Volume of Cell cm3 55.85139 
Anode Mass in Cell g 8.1730 
Cathode Mass in Cell g 41.3439 
Inert Mass in Cell g 51.4934 
Cell Mass g/cm3 101.0103 
Cell Density g/cm3 1.8086 
Maximum Specific Capacity Ah/g 0.2865 
Maximum Capacity Density Ah/cm3 0.5182 
Open Circuit Voltage of Cell V 3.4800 
Resistive Loss in Cell V 0.0076 
Maximum Operating Voltage V 3.4724 
Maximum Specific Energy Wh/g 0.9949 0.1820-0.2250 
Maximum Energy Density Wh/cm3 1.7993 0.3590-0.6000 
Maximum Specific Power W/g 2.1533 1.1000-0.0740 
Maximum Power Density W/cm3 3.8944 2.2700-0.1470 
Cycle Life cycles 300 1500 
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SAFETY OF  
Lithium-ion batteries are proven technology, and are leading candidates for terrestrial electric 
vehicles. This technology has also enjoyed limited but successful use in autonomous underwater 
vehicles used for oceanographic research. 
by a history of significant safety incidents, with some causing serious human injury and property 
damage (loss of commercial cargo plane, for example). The lithium
relatively expensive, has safety issues that must be dealt with, but has exceptional performance 
characteristics, that make it a leading candidate for consideration. Designs would have to 
emphasize safety, thermal management during charge and discharge, and enhanc
management systems. 
Safety is the leading show-stopper for large Li
cells. Despite decades of conventional safety testing serious problems remain
with the images shown in Figure 
products and manufacturing plants. In regard to electric vehicle applications, statistics indicates 
that 1 in every ~30,000 electric vehicles with a lithium ion battery pack will burn and/or exp
Given that an electric vehicle with a 100
equivalent to ~500 sticks of dynamite, this is alarming. 
Figure 60 – The combined effects of internal shorting, thermal r
combustible gases promises to challenge the future devel
– J. C. Farmer et al.
– LLNL-MI-464396 
L ITHIUM ION BATTER IES  
Unfortunately, lithium ion batteries have been plagued 
-acid battery may prove to be 
-ion cells, and the battery packs built from those 
, as demonstrated 
60. Lithium-ion explosions and fires occur frequently in both 
-mile range is capable of releasing a quantity of energy 
 
unaway, the venting of hot 
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The modern lithium ion battery was developed to overcome safety problems encountered with 
early rechargeable batteries with metallic lithium anodes. Metallic lithium can react with a wide 
variety of polymeric materials involved in cell construction, including but not limited to 
fluorinated polymers such as Teflon. In contrast, the lithium ion battery involves two 
intercalation electrodes which serve as "nanoscale parking garages" for reduced metallic lithium 
atoms, thereby avoiding the presence of free metallic lithium in the cell. The use of these two 
intercalation electrodes, with lithium being shuttled from one parking garage to the other is 
known as the "rocking chair mechanism" which The intercalation cathode is usually a transition 
metal oxide or iron phosphate, and the intercalation anode is usually a natural or synthetic 
graphite. In some cases, lithium alloys such as Li-Sn or Li-Si are used in lieu of graphite. 
One problem encountered with advanced battery systems, including lithium ion batteries which 
rely on the formation of lithium-intercalation compounds at both electrodes, is the plating of 
dangerous metallic lithium on either the anode active material (graphite) or cathode active 
material (transition metal oxide or iron phosphate) during repeated cycling. This problem can be 
exacerbated by attempts to quickly recharge the battery, which will be a temptation in 
automotive applications. Who wants to wait an hour or two at the filling station to refuel their 
car? If there is a failure to maintain good contact between adjacent pressure with uniform stack 
The avoidance of lithium plating requires precise understanding of the primary and secondary 
current distributions inside individual cells, not only at the electrode scale, but also on the length 
scale of individual micron-sized particles of active material, and on the scale of interatomic 
spacing in the intercalation compounds that are formed. In addition to modeling the other 
complexities of the batteries and battery packs (series-parallel strings of individual cells), which 
include thermal transport and mechanical stresses, it is necessary to make precise predictions of 
the current and potential distribution between the anodes and cathodes, as well around the 
individual particles of active material on both electrodes. The physics that must be well 
understood before predictable and reliable battery packs can be designed include: battery 
chemistry of nominal charge/discharge; abnormal ageing at a defect (local chemistry, heat, 
voltage, stress); electric fields and current flow within the cell; heat generation and cell cooling, 
thermal run-away; convection fluid flow within the electrolyte; external coolant flow; stress and 
material failure due to volumetric changes during charge/discharge cycle; chemical deflagration 
of run-away battery; dynamic structural failure of run-away battery cell and battery system; in 
principle, modern computational modeling could be applied to the design of high performance 
batteries and battery packs, to help ensure that robust, thermally-stable systems have been built. 
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As a lithium ion battery begins to undergo heating, which can be caused by ohmic heating, 
internal shorting, or the application of heat from outside the cell, a sequence of chemical 
reactions occur within the Li-ion system, ultimately leading to thermal runaway. An example of 
such a problem in an early commercially-available system (more than ten years ago) is shown in 
Figure 61. More recent state-of-the-art designs, based upon lessons learned, have eliminated 
many (but not all) of the vulnerabilities evident in the system shown. 
 
Figure 61 – Catastrophic failure of lithium ion battery pack, showing evidence of elevated core 
temperature in individual lithium ion battery. The integration of special safety features, such as 
fire-breaks between individual storage units, to prevent propagation, could be investigated at a 
fundamental level. 
During such catastrophic events, numerous chemical reactions begin occurring sequentially, as 
shown in Figure 62, and should be accounted for during the design of inherently safe systems. 
While the inside of the Li-ion cell is oxygen-free, enough oxygen can be liberated from the 
decomposition of the transition metal oxide active material in the cathode during thermal 
runaway, regardless of the initiating event, to support limited combustion of the organic 
carbonate solvents in the electrolyte. Potentially relevant combustion reactions are summarized 
in Figure 63. As will be discussed in a subsequent section, the authors have performed simple 
finite-element simulations of temperature profiles developing in lithium-ion battery during 
normal charging conditions, which show a modest steady-state core-temperature of about 12°C, 
which insufficient to drive the system into thermal runaway. Off normal conditions are more 
threatening. For example, localized heating due to an internal short near a corner of a lithium-ion 
cell will drive the cell into thermal runaway in close proximity to the short. Localized internal 
shorts quickly drive such high performance energy storage systems into thermal runaway, with 
subsequent propagation to other lithium-ion cells in the battery pack, with further propagation to 
other packs within the system if they exist. 
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Figure 62 – Sequence of chemical reactions encountered in Li-ion cell during runaway. 
 









LiC6 + Solvent Li(Ni,Co)O2 Decomposition
Solvent Decomposition
Li & LiC6 + Binder
Reference: Robert Spotnitz, Power Sources
DMC = dimethylcarbonate
carbonic acid dimethyl ester
3/2 LiXCoO2 + C3H6O3 → 3CO2 + 3H2 + 3/2 LiXCo
6/2 LiXCoO2 + C3H6O3 → 3CO2 + 3H2O + 6/2 LiXCo
DEC = diethyl carbonate
carbonic acid diethyl ester 
7/2 LiXCoO2 + C5H10O3 → 5CO2 + 5H2 + 7/2 LiXCo
12/2 LiXCoO2 + C5H10O3 → 5CO2 + 5H2O + 12/2 LiXCo
EC = ethylene carbonate
1,3 dioxolan-2-one-1
3/2 LiXCoO2 + C3H4O3 → 3CO2 + 2H2 + 3/2 LiXCo
5/2 LiXCoO2 + C3H4O3 → 3CO2 + 2H2O + 5/2 LiXCo
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S IMPLE APPROACHES TO MODEL ING THERMAL STABIL ITY OF  L ITH IUM ION BATTER IES  
Simple finite element models can be formulated for the analysis of thermal runaway in various 
batteries and battery packs, including Li-ion systems. The basic concepts underlying the model 
are summarized here, with several test calculations that show the predicted evolution of 
temperature profiles within individual cells, as well as within large multi-cell packs, where cell-
to-cell thermal propagation is possible. In one simplification, assuming symmetry in two 
dimensions, temperature can be predicted in the direction normal to the surfaces of electrodes in 
individual Li-ion cells (x-direction), as well as in the orthogonal directions, parallel to the 
surfaces of electrodes (y- and z-directions). 
The ohmic heating is proportional to the product of the square of the cell current and the cell 
resistance. The equation governing the temperature excursion in the battery pack requires that 







Similarly, there is a heat of reaction in the event of thermal runaway. This heat generation term is 
due to those reactions that can occur above approximately 150°F (65°C) in conventional lithium 
ion battery systems. This term is included in the current model, but is not yet used (heat of 







∆= 0ρ  
The differential equation governing the temporal and spatial temperature distribution in an array 
of lithium ion cells is governed by the following equation, and allows for non-isotropic thermal 




























If both sides of this equation are normalized with the cell density and specific heat capacity, the 
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α =  
The corresponding ohmic and reaction heat generation terms, also normalized with the cell 













Substitution of the thermal diffusivity into the partial differential equation governing the 





























This partial differential equation can be expressed in terms of finite differences. The time and 































































Note that this particular finite-difference approximation of the time derivative was chosen based 
upon the basis of improved computational stability. Other forms of the time derivative are 
sometimes used, but can cause significant problems with instability.  
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By substituting these finite element expressions for the partial derivatives of temperature in time 
and space, the partial differential equations governing the temporal and spatial variations of 
temperature becomes: 




























































This finite element equation is given in terms of incremental steps in time and space, and thermal 
diffusivity. By collecting the incremental steps in time and space, with the thermal diffusivities, 
the foregoing equation can be expressed in terms of three direction-dependent coefficients. Note 
that the heat generation terms are indexed for both space and time, enabling the effects of non-
uniform current distribution in the battery system to be accounted for. 

























































































Stable numerical solution of this equation requires that the incremental steps in space and time 
be selected so that these modulus parameters are kept below 0.5. Larger values result in 
numerical instabilities and predictions that are non-sense.  
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A more concise expression of the finite element equation, using modulus parameters, is given 
below:   





































By indexing the modulus parameters in the x, y and z directions for space and time, non-uniform 
thermal transport in the battery pack can also be accounted for. While it has not yet been taken 
advantage of in the numerical calculations presented here, this approach provides a convenient 
way to account for the formation of non-conductive pockets of gas, or the inclusion of metallic 
heat-transfer members between stacks of cells. 
( ) ( )
( ) ( )[ ]
( ) ( )[ ]
( ) ( )[ ]

































The computation can be substantially simplified if the system is symmetric in two dimensions, 
are if the dimensions in two dimensions are close enough so that such an assumption can be 
made reasonably. The assumption of two-dimensional (2D) symmetry yields the following 
simplification, which still enables anisotropic thermal conductivity to be accounted for.   
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Representative system parameters for representative lithium ion batteries are summarized in 
Table 33. Figure 64 shows a simulation of the transient temperature profile developing in 
lithium-ion battery during normal charging conditions. In this case, there the calculation predicts 
a modest steady-state core-temperature of about 12°C, which insufficient to drive the system into 
thermal runaway. Off normal conditions are more threatening. A second simulation is shown in 
Figure 65, which illustrated the localized heating effect of an internal short near a corner of the 
cell, with the onset of thermal runaway in close proximity to the short. Localized internal shorts 
quickly drive such high performance energy storage systems into thermal runaway, with 
subsequent propagation to other lithium-ion cells in the battery pack, with further propagation to 
other packs within the system if they exist. 
Table 33 – Representative Properties for Lithium Ion Battery Packs 
Quantity Value Units Value Units 
Thermal Conductivity in x-Direction (kx):  
through cell face and normal to electrode  
107 W m-1 K-1 1.07 W cm-1 K-1 
Thermal Conductivity in y-Direction (ky):  
along length of cell and parallel to tabs  76 W m
-1
 K-1  0.76 W cm-1 K-1 
Thermal Conductivity in z-Direction (kz):  
along width and perpendicular to tabs  61 W m
-1
 K-1 0.61 W cm-1 K-1 
Heat Capacity Based on Module (Cp) 1068 J K-1 kg-1 1.068 J K-1 g-1 
Density Based on Individual Li-Ion Cell (ρ) 2.448 g cm-3 2.448 g cm-3 
Thermal Diffusivity in x-Direction (αx)   0.409 K cm-2 sec-1 
Thermal Diffusivity in y-Direction (αy)   0.291 K cm-2 sec-1 
Thermal diffusivity in z-direction (αz)   0.233 K cm-2 sec-1 
Heat Capacity & Heat Generation Rate     
Typical Resistance of Individual Li-ion Cell 0.020 Ω 0.020 Ω 
Thermal Power in Li-ion Cell at 1C (I2R) 0.18 W 0.18 W 
Thermal Power in Module at 1C (I2R) 72 W 72 W 
Thermal Power Density in Li-ion Cell at 1C (I2R/V) 6.891×10-6 W mm-3 6.891×10-3 W cm-3 
Specific Thermal Power at 1C Rate (I2R/V)/( ρCp)   2.636×10-3 K sec-1 
Threshold Temperature for Runaway (Tcrit) 150 °F 65.889 °C 
Apparent Arrhenius Activation Energy (Ea) 20,000 cal gmol-1 20,000 cal gmol-1 
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Figure 64 – Simulation of temperature profile during normal charging conditions. 
 
Figure 65 – Simulation of temperature profile during internal short near the corner of the cell, 
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Chapter 6 – Energy Conversion & Storage with Fuel Cells 
FUEL CELL  REACT IONS &  PERFORMANCE  
The classic hydrogen-oxygen fuel cell combines hydrogen and oxygen in an electrochemical cell 
to produce electrical current, which can be used to power an external load. The anodic oxidation 
of hydrogen at the anode: 
)(00.022)( 02 SHEVEeHgH +=+→ +  
The reduction of oxygen occurs at the air cathode: 
)(23.1)(22)( 022 SHEVElOHeHgO +=→+→ +  
The overall reaction is therefore: 
VElOHgOgH 23.1)()()(2 222 +=∆→+  
As previously discussed, the Gibbs free energy is directly related to the reversible potential of the 
corresponding electrochemical reactions. The maximum efficiency of an electrochemical cell or 






















Efficiencies approaching seventy percent (70%) are possible. 
 
In general, fuel cell systems with hydrogen storage can provide far greater specific energy than 
rechargeable batteries, but in general, have poorer specific power, as shown in Figure 66. The 
poor specific power is primarily due to mass transfer limitations associated with the oxygen 
cathode.  
In general, there are five generic categories of practical fuel cells, which include:
 
 
1. Phosphoric Acid Fuel Cell (PAFC) 
2. Proton Exchange Membrane Fuel Cell (PEMFC) 
3. Molten Carbonate Fuel Cell (MCFC) 
4. Solid Oxide Fuel Cell (SOFC) 
5. Direct and Indirect Methanol Fuel Cell (DMFC)  
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Each type will be discussed individually in the following sections, and summarized afterwards in 
Tables 34 through 36. Additionally bio fuel cells (BFCs) are evolving, but in general, have 
extremely low power density. 
 
Figure 66 – Specific power vs. specific energy for energy conversion and storage systems. 
PHOSPHORIC  ACID  FUEL  CELL  
As the name implies, the electrolyte in the PAFC is liquid phosphoric acid which melts at 40°C, 
thereby bounding the lowest possible operating temperature of the cell. However, practical 
PAFC devices usually operate at temperatures between 150 and 200°C. The phosphoric acid fuel 
cell (PAFC) is a classic hydrogen-oxygen fuel cell, with the anodic oxidation of hydrogen at the 
anode, as previously discussed: 
)(00.022)( 02 SHEVEeHgH +=+→ +  
The reduction of oxygen occurs at the air cathode: 
)(23.1)(22)( 022 SHEVElOHeHgO +=→++ +  
The overall reaction is therefore: 
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The electrodes are carbon paper coated with finely dispersed platinum catalyst. Unlike some 
other fuel cells with platinum electro-catalyst the PAFC is not adversely affected by carbon 
monoxide in the hydrogen feed gas. The efficiency of the PAFC is approximately 37-42 percent. 
These devices are currently manufactured by United Technologies Corporation (UTC) and 
Hydrogen Corporation (HC). 
PROTON EXCHANGE MEMBRANE FUEL CELL  (PEMFC) 
The proton exchange membrane fuel Cell (PEMFC) was invented in the 1960s by Willard 
Thomas Grubb and Leonard Niedrach of General Electric. While the PEMFC was used in 
Gemini spacecraft, they were replaced by alkaline fuel cells for the Apollo and Space Shuttle 
programs. Proton exchange membrane fuel cells are also used on the Type 212a submarine as 
part of the air-independent propulsion (AIP) system. This PEMFC is shown in Figure 67. 
Hydrogen is supplied by a solid-state hydrogen-storage cartridge using iron-titanium hydride as 
the storage medium, while oxygen is obtained from a cryogenic liquid oxygen tank. 
  
Figure 67 – Proton exchange membrane fuel cell used on Type 212a submarine as part of the air-
independent propulsion (AIP) system. 
The electrode reactions and transported ions in the PEMFC are similar to those discussed for the 
PAFC, and will not be repeated here. These cells usually operate between 50 and 100°C, though 
at temperatures above 80-90°C the membranes can dry out. The anode electro-catalyst is usually 
platinum, though some immunity to CO poisoning can be achieved through the use of Pt-Ru 
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catalysts. Other catalysts such as Pt-Ni alloys (Pt3Ni) are also promising. The PEMFC uses 
hydrogen as the fuel, and a solid-polymer cation-exchange membrane electrolyte (Nafion) that 
transmits hydrogen ions from the anode to the cathode, where they react with oxygen to form 
water. NationTM is a sulfonated tetrafluoroethylene fluoropolymer-copolymer [C2F4–C7F13O2– 
(SO3H)] discovered by Walther Grot of DuPont Chemical Company in the 1960s. Due to its ion-
conductive properties, it is referred to as an ionomer. The substituent sulfonate groups (–SO3H) 
on the polymeric background serve as cation-exchange sites; proton conduction occurs as these 
ions hop from one anionic sulfonate group to another.  Since this material allows ionic 
conduction, but no electronic conduction, it serves as a true electrolyte. Functionally, Nafion 
behaves like a strong acid with pKa ∼ 6. NationTM is prepared by the copolymerization of the 
monomer used to make Teflon, tetrafluoroethylene (TFE), with perfluoro (alkyl vinyl ether), 
with sulfonyl acid fluoride. The current density targeted for the PEMFC by the Department of 
Energy is approximately 130 A/cm3. The efficiency of a PEMFC can range from 40 to 60 
percent. 
ALKAL INE  FUEL  CELL  
The alkaline fuel cell (AFC) is also known as the Bacon fuel cell, and is named after its British 
inventor. This fuel cell was used aboard the Apollo space craft in man’s flight to the moon, as 
well as aboard the space shuttle. The alkaline fuel cell is the most efficient fuel cell, with the 
possibility of achieving an efficiency approaching 70%. In the AFC, the anode reaction involves 
reaction of hydroxyl anions from the alkaline electrolyte: 
)(8277.0222)( 022 SHEVEeOHOHgH −=+→+ −  
The corresponding cathode reaction is: 
)(401.0442 022 SHEVEOHeOHO +=→++ −  
Once again, the overall reaction is simply the reaction of hydrogen and oxygen to produce water: 
VElOHgOgH 23.1)()()(2 222 +=∆→+  
The electrodes are separated by a porous matrix that is saturated with potassium hydroxide 
(KOH) solution. Purified air or oxygen has to be used in this fuel cell, since the absorption of 
carbon dioxide (CO2) by the electrolyte results in the conversion of the potassium hydroxide 
(KOH) to potassium carbonate (K2CO3). The formation of K2CO3 blocks the pores in the air-
breathing electrode, effectively smothering the cell, and also reduces the ionic conductivity of 
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the electrolyte. The possibility exists for using an anion exchange membrane in lieu of the KOH, 
thereby creating an alkaline analog of the PEMFC. This concept is embryonic, but in principle 
could overcome some of the problems associated with poisoning of the KOH.  
MOLTEN CARBONATE FUEL CELL  
As the name implies, the electrolyte used in the molten carbonate fuel cell (MCFC) is a molten 
carbonate salt mixture in a porous ceramic (beta alumina solid electrolyte or BASE). The MCFC 
operates at relatively high temperatures, in excess of 600°C, and typically 650°C. At these high 
temperatures non-noble metals can be used as catalysts, thereby eliminating the need and cost for 
platinum. No reformer is required to convert energy-dense hydrocarbon fuels such as natural gas 
to hydrogen for use in the MCFC. Such hydrocarbon fuels are directly converted to hydrogen 
within the fuel cell via a process commonly known as “internal reforming”. At the high operating 
temperature of the MCFC, the electrodes are not prone to CO poisoning. The efficiency of the 
MCFC is approximately 60 percent, higher than that of the PAFC. 
State-of-the-art MCFC devices have been built recently by a German company known as MTU 
Friedrichschafen. They have built a 20-ton MFFC system capable of generating 240 kWe. The 
exhaust stream from the MCFC is approximately 400°C, which is hot enough to provide process 
heat to other equipment in cogeneration schemes. 
SOLID OXIDE  FUEL  CELL  (SOFC) 
Here too the technology is named to reflect the electrolyte used. The solid oxide fuel cell (SOFC) 
uses Y2O3-stabilized ZrO2 (yttria-stabilized zirconia or YSZ) as the solid-state oxygen-anion 
conducting electrolyte. The oxygen anion is generated via the following reaction: 
)(2.124)( 022 SCEVEOegO =→+ −  
Usually the variant with 8 percent Y2O3 is used. Other solid-state electrolyte materials include 
scandia stabilized zirconia (ScSZ) with 9 mole % Sc2O3, and gadolinium doped ceria (GDC). A 
commonly used cathode material in the SOFC is lanthanum strontium manganite (LSM), and has 
a coefficient of thermal expansion (CTE) similar to that of the YSZ. 
This cell operates at very high temperature, 500-1000°C, and does not require expensive 
platinum catalysts. The electro-catalytic activity of this material falls rapidly as the operating 
temperature of the SOFC drops below 800°C. Due to the relatively high operating temperature, 
the SOFC is not susceptible to CO poisoning, though sulfur still poses a serious threat. The 
efficiency of the SOFC is usually in the range of 45-60%. 
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The SOFC can be constructed in a variety of form factors, depending upon the ceramic starting 
material. For example, micro-tubular fuel, planar, and modified planar designs have been 
developed. Frequently, the SOFC is constructed as a bipolar stack, with interconnects separating 
adjacent anode and cathode compartments. In this case, the anode side is exposed to reducing 
conditions at high temperature, and the cathode side is exposed to oxidizing conditions at the 
same temperature. It is therefore necessary to select an interconnect material that can withstand 
both conditions simultaneously, which is challenging. The most commonly used material for the 
interconnect plate in this device is the chromium-iron alloy (95Cr-5Fe), though many other 
alloys are being tested. 
Some of the current manufacturers now involved in SOFC development include: Bavarian Motor 
Works (BMW), Rolls-Royce, Delphi Automotive Systems, Ceres Power Ltd. and Materials and 
Systems Research Incorporated (MSRI). According to information published on their web site, 
MSRI has demonstrated a 1-3 kW SOFC for an air-independent propulsion (AIO) system for 
unmanned undersea vehicles (UUV). A 33-cell electrode stack measuring 5.5” x 5.5” x 4.7” (W 
x L x H) is capable of delivering 1 kW at 800C. The Office of Naval Research has sponsored 
another MSRI effort to develop a tubular SOFC with anode-supported ceramic tubes. In this 
case, a 36-tube bundle is sufficient to generate 300W for portable power applications. Efforts are 
being made to drive the operating temperature down to between 400 and 600°C. Hybrid systems 
that combine the operation of a solid oxide fuel cell with a gas turbine are referred to as SOFC-
GT systems. 
D IRECT AND  INDIRECT METHANOL FUEL CELLS (DMFC) 
In principle, it should be possible to develop a relatively low-temperature fuel cell for the 
oxidation of methanol in a PEM-type fuel cell, though this dream has not yet been realized. 
Some of the obstacles include: 
• Inexpensive electro-catalysts to minimize CO poisoning (adsorption) 
• Proton exchange membranes to prevent methanol crossover 
• Inexpensive ultra-thin solid-state electrolytes & efficient electrodes 
A practical approach to this problem is to use small reformers to first convert the methanol to 
hydrogen and carbon monoxide, and then use palladium membranes to separate the hydrogen 
from the reformed fuel to prevent the CO from poisoning the electrodes. In essence, the reformer 
and palladium membrane reduces the fuel cell problems to the same set as those faced with the 
PEMFC. 
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B IO -FUEL  CELLS  
Glucose produced by photosynthetic chemistry can be directly converted to electricity in a bio-
fuel cell (BFC).  The carbon-fiber anode is coated with glucose oxidase, which catalyzes the 
oxidation of glucose to gluconolactone.  The carbon-fiber cathode is coated with another 
enzyme, which catalyzes the conversion of oxygen to water at neutral pH.  The anode and 
cathode reactions both use the Os2+/Os3+ couple as an electron transfer mediator.  The direct 
coupling of BFC technology with photosynthetic reactors could provide and inexhaustible supply 
of energy, without the net production of greenhouse gas.   
• Carbon nanotubes & aerogels 
• Glucose oxidase coating for anode 
• Enzymatic coating for cathode of electron mediators such as Os2+/Os3+ 
• Development of new more efficient enzyme-mediator coatings 
• Direct integration of energy conversion device into bioreactor 
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Phosphoric Acid Fuel Cell PAFC 
 
160 200. 180 
      
            
Molten Carbonate Fuel Cells MCFC 
   
600 
      
            
Solid Oxide Fuel Cells SOFC 
   
1,000 
      
            
Alkaline Fuel Cells AFC 
 
65 220 80 
      
            
Proton Exchange Membrane Fuel Cells PEMFC 
 
25 120 90 
      
            
Fuel Cell Systems PEMFC* Ball Aerospace 
  
90 0.70 0.80 0.75 
   
 
PEMFC* H-Power PS250 
  
90 0.70 0.80 0.75 
   
 
PEMFC* H-Power PS250 
  
90 0.70 0.80 0.75 








90 0.70 0.80 0.75 
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Phosphoric Acid Fuel Cell PAFC               
                  
Molten Carbonate Fuel Cells MCFC               
                  
Solid Oxide Fuel Cells SOFC               
                  
Alkaline Fuel Cells AFC               
                  
Proton Exchange Membrane Fuel Cells PEMFC               
                  
Fuel Cell Systems PEMFC* Ball Aerospace 2.95 10.9 19.6 20.3 4,336.9 4.34 
  PEMFC* H-Power PS250 10.20 15.8 24.7 40.7 15,883.6 15.88 
  PEMFC* H-Power PS250 17.30 20.3 29.2 40.6 24,066.1 24.07 
  PEMFC* Unknown             
  PEMFC* Unknown 4.50 8.6 15.5 23.2 3,092.6 3.09 
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Phosphoric Acid Fuel Cell PAFC       120 160     
                  
Molten Carbonate Fuel Cells MCFC       NA NA     
                  
Solid Oxide Fuel Cells SOFC       8000 4000     
                  
Alkaline Fuel Cells AFC       1500 1500     
                  
Proton Exchange Membrane Fuel Cells PEMFC       1500 1500     
                  
Fuel Cell Systems PEMFC* Ball Aerospace 50.0 65.0 16.9 11.5 22.0 15.0 
  PEMFC* H-Power PS250 250.0   24.5 15.7 0.0 0.0 
  PEMFC* H-Power PS250 500.0   28.9 20.8 0.0 0.0 
  PEMFC* Unknown             
  PEMFC* Unknown 15.0   3.3 4.9 0.0 0.0 
Reference – J. M. Norbeck, J. W. Heffel, t. D. Durbin, B. Tabbara, J. M. Bowden, M. C. Montano, Hydrogen Engines and Vehicles: 
Characteristics and Development, Chapter 3, Fuel Cells, Hydrogen Fuel for Surface Transportation, Soeity of Automotive Engineers, 
Inc., Warrendale, PA, 1996, pp. 75-93. 
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REGENERAT IVE FUEL CELLS FOR ENERGY STORAGE  
By storing the water produced by this reaction, running the fuel cell in reverse to electrolyze the 
water to liberate hydrogen and oxygen, storing the liberated hydrogen and oxygen, and 
subsequently combining these materials at some later time, an energy storage scheme is created 
which is known as a regenerative fuel cell. During discharge, regenerative fuel cells burn stored 
hydrogen and oxygen, with the production of electricity and water. During recharging, this stored 
water is electrolyzed, with the formation of both hydrogen and oxygen, which is stored. In this 
case, we assume that the gases would be stored in bottles at a pressure of approximately 10,000 
pounds per square inch absolute (psia). Assuming that a proton exchange membrane fuel cell 
(PEMFC) is used as the basis for this system, the air cathode would consist of a dispersed 
platinum catalyst on a porous carbon substrate, the hydrogen anode would consist of a dispersed 
platinum or platinum-ruthenium catalyst on a porous substrate, and the electrolyte is a polymeric 
cation-exchange membrane made of a material such as NafionTM.  The operating temperature of 
a PEMFC ranges from 30 to 120C°. The open circuit voltage of such a regenerative fuel cell 
would be approximately 1.2 V, while the expected operating voltage under load would be 0.5-0.7 
V. The specific power and power density of such a system would be approximately 27 W/kg and 
17 W/L, while the specific energy and energy density would be approximately 326 Wh/kg and 
209 Wh/L, respectively. Such systems provide greater specific energy and energy density than 
SOA secondary batteries, but have limited power density. The energy storage characteristics of 
two hypothetical regenerative fuel cell designs are summarized in Tables 37 and 38. 
  
Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
160 | P a g e  
 
Table 37 – Regenerative Fuel Cells – Carbon Composite Vessels 
Tank Dimensions H2 O2 Units 
Cylinder Inside Diameter 60.96 60.96 Cm 
Cylinder Wall Thickness 2.54 2.54 Cm 
Cylinder Height 3,000.00 1,500.00 Cm 
Sphere Inside Diameter 60.96 60.96 Cm 
Sphere Wall Thickness 2.54 2.54 cm 
        
Wall Density 1.90 1.90 g/cm3 
        
Gas Temperature 0 0 degrees C 
Gas Temperature 273 273 Kelvins 
Gas Pressure 10,000 10,000 psia 
Gas Pressure 680.457 680.457 atm  
Gas Pressure 68.95 68.95 MPa 
Gas Molecular Weight 2.0158 31.9988 g/gmol 
Gas Constant 82.057 82.057 atm-cm3/gmol-K 
Gas Constant 8.31441 8.31441 J/mol/K 
        
Margin of Strength 1636.1835 1636.1835 MPa 
        
Duty Cycle 12 12 hours 
 
  H2 O2 PEMFC Combined Units 
Weight 2,499 1,276 59,430 63,205 kg 
Volume 10,427 5,289 82,673 98,389 liters 
Energy 
      20,611,546 Wh 
Power 
      1,717,629 W  
Specific Energy 
      326 Wh/kg 
Specific Power 
      27 W/kg 
Energy Density 
      209 Wh/L 
Power Density       17 W/L 
Thermodynamic Efficiency       0.598 fractional 
Coulombic Efficiency       0.975 fractional 
Electrolyzer       48,323,390 Wh 
PEMFC       20,611,546 Wh 
Efficiency       43% percent 
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Table 38 – Regenerative Fuel Cells – Stainless Steel Vessels 
Tank Dimensions H2 O2 Units 
Cylinder Inside Diameter 5 5 cm 
Cylinder Wall Thickness 2.54 2.54 cm 
Cylinder Height 450,000.00 225,000.00 cm 
Sphere Inside Diameter 5 5 cm 
Sphere Wall Thickness 2.54 2.54 cm 
        
Wall Density 7.85 7.85 g/cm3 
        
Gas Temperature 0 0 degrees C 
Gas Temperature 273 273 Kelvins 
Gas Pressure 10,000 10,000 psia 
Gas Pressure 680.457 680.457 atm  
Gas Pressure 68.95 68.95 MPa 
Gas Molecular Weight 2.0158 31.9988 g/gmol 
Gas Constant 82.057 82.057 atm-cm3/gmol-K 
Gas Constant 8.31441 8.31441 J/mol/K 
        
Margin of Strength 1.1937326 1.1937326 MPa 
        
Duty Cycle 12 12 hours 
 
  H2 O2 PEMFC Combined Units 
Weight 43,591 21,796 59,972 125,359 kg 
Volume 35,911 17,956 83,427 137,294 liters 
Energy 
      20,799,453 Wh 
Power 
      1,733,288 W  
Specific Energy 
      166 Wh/kg 
Specific Power 
      14 W/kg 
Energy Density 
      151 Wh/L 
Power Density       13 W/L 
Thermodynamic Efficiency       0.598 fractional 
Coulombic Efficiency       0.975 fractional 
Electrolyzer       48,763,935 Wh 
PEMFC       20,799,453 Wh 
Efficiency       43% percent 
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REGENERAT IVE FUEL CELLS FOR SPACE EXPLORATION  
NASA is developing regenerative fuel cells for space exploration, and discuss the potential for 
this technology on their web site:  
‘NASA Lewis Research Center's Electrochemical Technology Branch has led a multiagency 
effort to design, fabricate, and operate a regenerative fuel cell (RFC) system test-bed. Key 
objectives of this program are to evaluate, characterize, and demonstrate fully integrated RFC's 
for space, military, and commercial applications. The Lewis-led team is implementing the 
program through a unique international coalition that encompasses both Government and 
industry participants. Construction of the 25-kW RFC test bed at the NASA facility at Edwards 
Air Force Base was completed in January 1995, and the system has been operational since that 
time… RFC systems can provide efficient, environmentally benign, highly reliable, renewable 
energy conversion for a variety of applications. These systems consist of the following 
subsystems: fuel cells, electrolyzers, photovoltaic arrays, reactant storage, thermal management, 
and electrical power management. Fuel cells consume hydrogen and oxygen (or air) to produce 
electricity, water, and heat… In the summer of 2005, Glenn demonstrated the first fully closed-
loop regenerative fuel cell ever operated. It completed five continuous day and night cycles. 
That's nowhere near forever, but at the end of the demonstration, it had not leaked and was 
capable of running at least one more cycle.  Regenerative fuel cell stacks at NASA Glenn…The 
lessons they learned and information they gathered in the process will be invaluable to Glenn's 
Energy Storage Project Office when it develops a prototype system to work in the harsh lunar 
environment… “Even though it was originally designed for an airplane, the system has given us 
a leg up," said Ann Over, chief of Glenn's Advanced Capabilities Project Office. "The 
knowledge we gained will feed directly into our lunar regenerative fuel cell technology 
program." Glenn plans to begin work in 2008 on a prototype regenerative fuel cell system for the 
lunar outpost.’ 
NASA’s regenerative fuel cells designed for space exploration are shown in Figure 68. The 
authors have compared the predicted performance with regenerative fuel cells developed for 
space exploration compared to other options in Figure 69. Clearly, designs with light-weight 
aerospace materials could push the specific energy and energy density of this technology well 
beyond that achievable with the best projections for conventional lithium ion batteries. 
Regenerative fuel cells also appear to have the capability to exceed predictions for the best 
possible performance achievable through the incorporation of nano-structural active materials 
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into lithium ion cells. Unfortunately, the relatively low specific power and power density of fuel 
cell systems may require that they are hybridized with electrolytic or other types of super 
capacitors to compensate for the mass-transport limitations inherent in air-breathing cathodes. 
 
 
Figure 68 – Regenerative Fuel Cells for Space Exploration Under Development by NASA 
[Reference: NASA web sites].  
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Figure 69 – Predicted performance with regenerative fuel cells developed for space exploration 































Regenerative CG PEMFC Conventional Design
Regenerative CG PEMFC Conceptual Design
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FUEL CELL  POWERED GERMAN SUBMARINES  
The possibility of storing energy in fuel-cell type systems will be illustrated through a discussion 
of the Class 212A (Type 212a) fuel-cell powered submarines that have been built and deployed 
by the Germans, depicted in Figure 70 below.  
 
Figure 70 – Class 212A (Type 212a) Submarine with PEMFC-Based AIP System 
The high reliability of fuel cells, coupled with high energy density, have led to their use in a 
variety of demanding applications, ranging from space exploration to sub-sea vessels with long 
endurance. The Type 212a submarine built by HDW (Howaldtswerke-Deutsche Werft AG) in 
Kiel, Germany uses a proton-exchange membrane fuel cell (PEMFC), a cryogenic tank filled 
with liquid oxygen, and solid-state hydrogen storage canisters that are filled with iron-titanium 
hydride, as shown in Figures 71 through 73. These small and efficient submarines have now 
been produced in relatively large numbers. Thus, the viability of sub-sea fuel-cell systems for 
demanding large-scale applications has been unambiguously demonstrated. A variant of this 
vehicle exists, that uses diesel fuel and air to feed a Stirling engine. 
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Figure 71 – Two-dimensional schematic representation of the fuel-cell powered sub-sea vessel, 
showing the systems required for operation, including the oxygen storage tank, the fuel cells, and 
the hydrogen storage cylinders. 
 
Figure 72 – Three-dimensional schematic of Type 212a fuel-cell powered submarine. 
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Figure 73 – Components of the fuel cell system used by HDW shipyard in Kiel, Germany aboard 
sub-sea vessels. 
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According to the Wikipedia article: [www.wikipedia.com]: “The German Type 212 class, also 
Italian Todaro class [Wikipedia Reference 5, Retrieved 2010-04-27, Classe Todaro page at 
Marina Militare website: http://www.marina.difesa.it/sommergibili/classetodaro.asp], is a highly 
advanced design of non-nuclear submarine (U-Boat) developed by Howaldtswerke-Deutsche 
Werft AG (HDW) for the German and Italian Navy… It features diesel propulsion and an 
additional air-independent propulsion (AIP) system using Siemens proton exchange membrane 
(PEM) hydrogen fuel cells (which are shown in Figures 71 through 73, but not on the Wikipedia 
website). The submarine can operate at high speed on diesel power or switch to the AIP system 
for silent slow cruising, staying submerged for up to three weeks without surfacing and with no 
exhaust heat. The system is also said to be vibration-free, extremely quiet and virtually 
undetectable. Although hydrogen-oxygen propulsion had been considered for submarines as 
early as World War I, the concept was not very successful until recently due to fire and explosion 
concerns. In the Class 212 this has been countered by storing the fuel and oxidizer in tanks 
outside the crew space, between the pressure hull and outer light hull. The gases are piped 
through the pressure hull to the fuel cells as needed to generate electricity, but at any given time 
there is only a very small amount of gas present in the crew space… Type 212 is the first of the 
only two fuel cell propulsion system equipped submarines ready for series production by 2007, 
the other being the Project 677 Lada class submarine designed by Russian Rubin Design Bureau. 
At the beginning of the 1990s the German Navy was seeking a replacement for the Type 206 
submarines. Initial study started on a Type 209 improved design, with AIP capability, called 
Type 212.” Published characteristics of the Type 212 submarine and its energy storage and 
propulsion system are as follows: 
Submarine: 
• Displacement: 1,450 tonnes surfaced, 1,830 tonnes submerged  
• Length: 56 m (183.7 ft), 57.2 m (187.66 ft) (2nd batch)  
• Beam: 7 m (22.96 ft)  
• Draft: 6 m (19.68 ft)  
Propulsion System:  
• 1 MTU 16V 396 diesel-engine 
• 9 HDW/Siemens PEM fuel cells, 30-40 kW each (U31)  
• 2 HDW/Siemens PEM fuel cells 120 kW (U32, U33, U34)  
• 1 Siemens Permasyn electric motor 1700 kW, driving a single seven-bladed skewback 
propeller  
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Overall Performance: 
• Speed: 20 knots (37 km/h) submerged, 12 knots surfaced 
• Depth: over 700 m (2,296 ft)  
• Range:  8,000 nautical miles (14,800 km, or 9,196 miles) at 8 knots (15 km/h) 
• Endurance: 3 weeks without snorkeling, 12 weeks overall  
The construction of the Type 212a submarine and its launching are shown in Figures 74 through 
76. According to the Wikipedia article: “The final programme started in 1994 as the two navies 
of Germany and Italy began working together to design a new conventional submarine, 
respectively to operate in the low and narrow waters of the Baltic sea and in the deeper waters of 
the Mediterranean sea. The two different requirements were mixed into a common one and, 
because of significant updates to the design, the designation was changed to Type 212A since 
then. In 1996 a Memorandum of Understanding (MOU) gave the start to the cooperation. Its 
main aim was the construction of identical boats and the start of a collaboration in logistic and 
life-cycle support for the two navies. The German government placed an initial order of four 
Type 212A submarines in 1998. The German Submarine Consortium built them at the shipyards 
of HDW and Thyssen Nordseewerke GmbH (TNSW) of Emden. Different sections of the 
submarines were constructed at both sites at the same time and then half of them were shipped to 
the respective other yard so that both HDW and Thyssen Nordseewerke assembled two complete 
submarines each. In the same year the Italian government placed an order of two U212A 
submarines built by Fincantieri for the Marina Militare (Italian Navy) at Muggiano shipyard, 
designated as the Todaro class. The German Navy ordered two additional, improved submarines 
in 2006, to be delivered from 2012 on. They will be 1.2 meters longer to give additional space 
for a new reconnaissance mast. On 21 April 2008 the Italian Navy ordered a second batch of 
submarine in the same configuration of the original ones. Some upgrading should involve 
materials and components of commercial derivation, as well as the software package of the 
CMS. The intention is to keep the same configuration of the first series and reduce maintenance 
costs. The export-oriented Type 214 submarine succeeds the Type 209 submarine and shares 
certain features with the Type 212A, such as the AIP fuel cell propulsion.” The production 
history of these boats is summarized in Table 40. 
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Table 39 – Pertinent Characteristics of the PEMFC-Powered Type 212a Submarine 
Displacement: 
1,450 tonnes surfaced 
1,830 tonnes submerged 
Length: 
56 m (183.7 ft) 
57.2 m (187.66 ft) (2nd batch) 
Beam: 7 m (22.96 ft) 
Draft: 6 m (19.68 ft) 
Propulsion: 
1 MTU 16V 396 diesel-engine [Type 212a Ref. 1]  
9 HDW/Siemens PEM fuel cells, 30-40 kW each (U31) 
2 HDW/Siemens PEM fuel cells each with 120 kW (U32, U33, U34) 
1 Siemens Permasyn electric motor 1700 kW, driving a single seven-bladed 
skewback propeller 
Speed: 20 knots (37 km/h) submerged, 12 knots surfaced [Type 212a Ref. 2] 
Range: 
 
8,000 nm (14,800 km, or 9,196 miles) at 8 knots (15 km/h) surfaced 
3 weeks without snorkeling, 12 weeks overall 
Test depth: over 700 m (2,296 ft) [Type 212a Ref. 3] 
Complement: 5 officers, 22 men 
Armament: 
6 x 533 mm torpedo tubes (in 2 forward pointing groups of 3) with 13  [Type 
212a Ref. 4] DM2A4, A184 Mod.3, BlackShark torpedoes, IDAS missiles and 
24 external naval mines (optional) 
Sources: 
• [Wikipedia Type 212a Reference 1] "MTU 16V 396 diesel engine" retrieved 2006-10-08. 
http://mtu-online.com/en/prod-services/proddies/proddiesnorm/proddies396/ 
• [Wikipedia Type 212a Reference 2] "Uboote Klasse 212A" archived from the original on 
2007-07-18 and retrieved 2008-07-11. 
http://web.archive.org/web/20070718173434/http://www.marine.de/u31   
• [Wikipedia Type 212a Reference 3] "Deutsche Marine TV-Interview" in German. 
http://www.marine.de/01DB070000000001/CurrentBaseLink/W26YVFGA481INFODE. 
Retrieved 2007-04-17;  
• [Wikipedia Type 212a Reference 4] 
http://www.dagbladet.no/2010/11/18/nyheter/ubat/undervannsbat/14353353/  
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Table 40 – Commissioning of Type 212a submarines through March 2006 
Country Pennant 
Number 
Name Laid down Launched Commissioned 
Germany S181 U-31  
 
20 March 2002 19 October 2005 
Germany S182 U-32  
 
4 December 2003 19 October 2005 
Germany S183 U-33  
 
September 2004 13 June 2006 
Germany S184 U-34  
 
July 2006 3 May 2007 
Germany S185 U-35  21 August 2007 
 
planned for 2011 
Germany S186 U-36  
  
planned for 2012 
Italy S526 Salvatore Todaro  3 July 1999 6 November 2003 29 March 2006 
Italy S527 Scirè  27 May 2000 18 December 2004 19 February 2007 
Italy S528 
   
planned for 2013 
Italy S529 
   
planned for 2014 
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Figure 74 – The upper image shows the Type 212a fuel-cell powered submarine being 
constructed by HDW in Kiel, Germany. The lower image shows the assembled submarine sitting 
in dry dock. 
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Figure 75 – The upper image shows a nearly complete Type 212a fuel-cell powered submarine 
sitting on the dock at the HDW shipyard in Kiel, Germany. The lower image shows the 
submarine sitting in the water, beside the dock. 
 
Figure 76 – Photographs showing the Type 212a underway, powered by fuel cells that are 
supplied with oxygen from cryogenic tanks, and supplied with hydrogen from solid-state hydride 
beds. 
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The relative benefits of an air-independent propulsion (AIP) system with liquid oxygen (LOX), 
iron-titanium hydride (Fe-Ti) beds, and proton exchange membrane fuel cells (PEMFC) are 
shown in Figures 77 and 78. Compared to various types of rechargeable batteries, this system has 
very high specific energy. There are other combinations which provide even higher specific 
energy, such as the hypothetical system using both liquid oxygen and liquid hydrogen. However, 
these systems are believed to be more dangerous. 
 
Figure 77 – Comparison of the apparent energy density of Type 212a fuel system with liquid 


















Comparison of Fuel Cell System to Other Energy Storage Options
Energy Density (Wh/L)
Specific Eneregy (Wh/kg)
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Figure 78 – Energy density vs. specific energy for energy conversion and storage systems. 
STORAGE OF  OXYGEN AND HYDROGEN  
The oxidant stored aboard the Type 212a submarine is liquid oxygen, which is stored in 
cryogenic tanks like the one shown in Figure 79, sitting on a dock at the shipyard in Kiel, 
Germany, where such boats have been constructed. The specific capacity (Ah/kg) and capacity 
density (Ah/L) that can be supported by various forms of stored oxidant is summarized in Figure 
80. Not surprisingly, liquid oxygen is the most dense and efficient means of transporting oxidant, 
though it may also be the most dangerous. The cryogenic oxygen tanks are positioned above the 
pressure hull of the German PEMFC-powered submarine, as shown in earlier photographs. 
Performance characteristics of various modes of oxygen storage, and that of hydrogen peroxide, 
are summarized in Figure 80 and Table 41.  
Similarly, the performance characteristics of various methods of storing hydrogen are given in 
Table 42, with additional discussion provided in the following sections. As one would expect, 
the method of hydrogen storage with the greatest specific energy and energy density is liquid 
hydrogen, followed by storage as a high-pressure gas, with cases at 3,000 and 10,000 psi 
evaluated, or as a metal hydride. While magnesium hydride is not a practical solid-state storage 
medium, it has the highest storage capacity. The iron-titanium-hydride used in the Type 212a 
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Figure 79 – Cryogenic tank for the storage of liquid oxygen above the pressure hull of the Type 
212a submarine. 
 
Figure 80 – The “equivalent” or “apparent” specific capacity (Ah/kg) & capacity density (Ah/L) 
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Oxygen at 14.7 psi 0.001429 32 4 125.0 96484.6 26.8013 3350 5 
Oxygen at 3000 psi 0.291633 32 4 125.0 96484.6 26.8013 3350 977 
Liquid Oxygen 1.500000 32 4 125.0 96484.6 26.8013 3350 5025 
Hydrogen Peroxide 1.470000 34 2 58.8 96484.6 26.8013 1577 2318 
Table 42 – Methods of Hydrogen Storage for Fuel Cell Systems 
        Theoretical Achieved 










MPa °C Wh/kg Wh/L Wh/kg Wh/L 
        
Hydrogen Gaseous Hydrogen 
  
32705 







Pressurized Containers 34.5 30 1023 
 
400 250 
        
Metal Hydride 2% H2 
  
655 






        
        
Carbon Nanotubes 6.5% H2 
  
2130 
   
        
Chemical Hydrides LiH + H2O 
  
2540 
   
 
CaH2 + 2H2O 
  
1700 
   
 
NaBH2 + 2H2O 
  
3590 
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METAL  HYDRIDES  
Metal hydrides can be used to store hydrogen in the solid state, as done with canisters like the 
one shown in Figure 81 aboard the Type 212a submarine. While two of the most well known 
hydride formers are palladium and titanium, these materials are not practical storage media. A 
number of other materials have been developed for this purpose and are shown in Figures 82 and 
83, and Table 43. The most common storage media are classified as AB5-type or AB2-type metal 
hydrides. The AB5-type alloys, such lanthanum nickel (LaNi5), also known as Misch metals, 
have the general composition (La-Ce-Pr-Nd-Ni-Co-Mn-Al). The AB2 type alloys, formed 
primarily from titanium and zirconium, have the general composition (V-Ti-Zr-Ni-Cr-Co-Mn-
Al-Sn). The ABx designation refers to the ration of A-type elements (La-Ce-Pr-Nd or Ti-Zr) to 
B-type elements (V-Ni-Cr-Co-Mn-Al-Sn). The generalized function of various alloying elements 
in hydride storage systems is as follows: (1) enhanced hydrogen storage capacity through the use 
of V, Ti and Zr; (2) cost reduction through the substitution of Ce, Pr, Nd, Gd and Y; and (3) the 
suppression of corrosion through the use of Ni, Cr and Co, and the use of Al, Ti, Zr and Si. 
 
Figure 81 – Hydride storage cylinder for solid-state hydrogen storage outside of the pressure hull 
of the Type 212a submarine. 
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Figure 82 – Range of hydrides available for the solid-state storage of hydrogen for underwater 
and other applications.  




















































Capacity for Solid-State Hydrogen Storage Materials
Ah/kg-(M+H)
g-H2/100g-M
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g-H2/100g-M Ah/g-(M+H) Ah/kg-(M+H) H2O & O2 
 
LaCuNi4 1.3 0.341 341 small fast 
Mm0.85Ce0.15Ni5 1.5 0.393 393 large fast 
LaNi5 1.5 0.398 398 small fast 
La0.7Ce0.3Ni5 1.6 0.419 419 small fast 
FeTi 1.8 0.470 470 large fast 
Niobium 2.1 0.547 547 large fast 
Mm1.05Ni4.97Al0.03 2.4 0.628 628 small fast 
FeTiMn 2.4 0.628 628 small fast 
Alanate 4.0 1.023 1023 small fast 
V (0.93% Si) 5.6 1.410 1410 large fast 
Mg0.93Ni0.07 5.7 1.434 1434 large fast 
Vanadium 5.9 1.481 1481 large fast 
Mg0.983Ni 0.007Si0.007Mm 0.004** 6.9 1.716 1716 small fast 
Mg0.987Ni0.009Mm0.005** 7.0 1.740 1740 small fast 
Magnesium 7.6 1.878 1878 large slow 
Amorphous Metals for hydrogen storage – the composition 95.6 wt. % Mg, 1.6 wt. % Ni, 0.8 wt. 
% Si and 2.0 wt % Mm has a storage capacity of about 6.9 wt. % hydrogen and absorbs 80% of 
the maximum capacity in less than 1.5 minutes at a temperature of about 300°C. The 
composition 95 wt. % Mg, 2 wt. % Ni and 3.0 wt % Mm has a storage capacity of about 7 wt. % 
hydrogen and absorbs 80% of the maximum capacity in less than 2.3 minutes at a temperature of 
about 275°C. While the present test was terminated at 650 cycles, all factors indicate that the 
instant alloys can easily achieve cycle lives of at least 1000 cycles or greater without loss of 
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Figure 83 – Hydrogen over pressure verses temperature diagram for solid-state hydrogen storage 
media, showing hydrogen overpressure verses temperature. Temperature is used to drive the 
decomposition of the hydride for the release of gaseous hydrogen, with the required temperature 
range for each of the hydrides shown. 
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STORING PRESSURIZED GASEOUS HYDROGEN  
The energy required for operation of compressors, along with the weight and volume of the 
compressors, degrade the specific energy, energy density, specific power and power density. In 




































PTRTTcHW ps  
For standard air, the value of κ = 1.395 is recommended for calculations involving moderate 
temperatures and pressures. This energy must be accounted for if pressurized gas is used as the 
basis of a regenerative fuel cell, and lower overall efficiency. 
The weight and volume of the pressure vessel further degrade the specific energy, energy 
density, specific power and power density. According to Roark’s Formulas, Chapter 12, the hoop 
stress in a thin-walled pressure vessel (R/δ < 10) with capped ends, due to uniform internal 
pressure P , is simply the product of the pressure and vessel radius, divided by the wall thickness 
of the vessel (Roark – Table 28 – Equations 1c: 
δσ
PR
hoop =  












PRR δ  
The longitudinal stress in the wall of the thin-walled vessel parallel to the centerline is then: 
δσ 2
PR
L =  













The pressure vessel is designed so that the hoop stress, or longitudinal stress multiplied by an 
appropriate safety factor never exceed the yield stress for the material of construction. 
The formulae for thick-walled vessels with capped ends are somewhat more complicated. The 
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If steels are used, it austenitic alloys such as Type 316 stainless steels are preferred to other types 
of steels. Furthermore, due to hydrogen embrittlement, the use of hydrogen-impermeable liners 
is recommended. 
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Chapter 7 – High Performance Electrolytic Capacitors 
ELECTROLYT IC SUPER -CAPACITORS &  ASYMMETRIC ENERGY STORAGE DEVICES  
When a potential is applied between two conductive surfaces, separated by a dielectric, the 
electric field normal to both surfaces will form a polarized layer of charge. In electrolytic 
systems, diffuse and compact electric double layers are formed in accordance with the Gouy-
Chapman Theory, and the Stern-Modification of that theory. Energy is stored in these electric 
double layers, with the amount of stored energy being proportional to the amount of surface area 
available for polarization. During the past three decades, substantial work has been done on 
developing large electrolytic super capacitors for energy storage, with a general recognition that 
as the specific surface area the electrode materials increase, the amount of energy and charge that 
can be stored will also increase. Conventional activated carbons have specific surface areas 
ranging from ten to hundreds of square meters per gram, while more advanced materials such as 
the carbon aerogels developed by and others provide substantially greater surface area per unit 
mass. These materials, shown in Figure 84, have been used in the construction of small 
electrolytic super capacitors of energy storage, and for the separation of ions from process 
streams by scientists and engineers, including one of the authors. A large electrolytic super-
capacitor with carbon aerogel electrodes was fielded in the early 1990’s by the author that filled 
most of a 35-foot trailer. In general, these devices store approximately one order-of-magnitude 
less energy than the best rechargeable batteries, but can deliver that energy approximately one 
order-of-magnitude faster than the best rechargeable batteries. Thus, they serve a crucial function 
in hybrid energy storage systems, such as regenerative fuel cells, for the enhancement of specific 
power and power density. The heart of these advanced capacitor systems is the electrode 
material, which will be discussed in more detail here. 
 
Figure 84 – LLNL’s aerogels are some of the highest surface-area materials on Earth. Their 
extreme porosity allows the material to hold large quantities of refrigerant adsorbed onto its pore 
surfaces. 
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As described by Baumann, Worsley, Han, and Satcher, the design of new porous carbon 
materials holds technological promise for a variety of applications, including catalysis, 
adsorption and energy storage [Journal of Non-Crystalline Solids 354 (2008) 3513–3515]. The 
utility of these materials is derived from their high surface areas, electrically conductive 
frameworks and chemical stability.  
Carbon aerogels are unique porous solids with network structures consisting of interconnected 
carbon particles and, as a result, these materials exhibit many interesting properties, such as high 
surface-to-volume ratios, continuous porosities and high electrical conductivity. In the course of 
that work, we developed a synthetic approach to fabricate CAs with BET surface areas over 
3,000 m2/g. These surface area values are the highest that we are aware of for CAs and are 
comparable to those of the highest surface area activated carbons. In the work presented here, 
we describe our approach to the design of these high surface area carbons. Our synthetic 
strategy involves the thermal activation of a CA material with structural features (particles and 
pores) on the micrometer scale. This approach not only provides access to high surface areas in 
CA materials, but also affords monolithic materials with bimodal porosity (macro- and 
micropores).  
Hierarchically porous carbons of this type present a number of advantages over unimodal 
carbon structures in terms of diffusion efficiency and surface area, and thus these materials 
should also have utility as new catalyst supports or electrodes for electrochemical devices. 
Thermal activation of CAs involves the controlled burn-off of carbon from the network structure 
in an oxidizing atmosphere, such as carbon dioxide, resulting in the creation of new micropores 
as well as opening of closed porosity in the CA framework. Therefore, access to high surface 
areas in activated CAs requires careful design of the pre-activated carbon framework, as the 
morphology of the particles that comprise the network structure will ultimately determine the 
textural properties of the activated material. The microstructure of traditional CAs, consisting of 
nanometer-sized carbon particles and tortuous pore structures, can both limit the surface areas 
attainable through activation and lead to inhomogeneous burn-off in monolithic samples. By 
utilizing CAs with larger pore and particle sizes, however, these issues can be mitigated and 
monolithic carbons with high surface areas and bimodal pore structures can be readily attained. 
The synthesis of pre-activated CA structures with larger features can be performed in a number 
of ways. Carbon aerogels are typically prepared through the sol–gel polymerization of 
resorcinol with formaldehyde in aqueous solution to produce organic gels that are then 
supercritically dried and subsequently pyrolyzed in an inert atmosphere. The amount and type of 
catalyst used in the polymerization reaction dictates the size, shape and connectivity of the 
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primary network particles and, therefore, can be used to influence the structural properties of the 
resultant CA. One method to generate CAs with larger structural features is the use of low 
catalyst concentrations in the polymerization reaction. Alternatively, the use of acid catalysts in 
the sol–gel reaction has also been shown to generate porous structures with network and pore 
features on the micrometer scale. For the preparation of the CAs used in this study, acetic acid 
was selected as the reaction catalyst since the process not only affords macroporous carbon 
structures, but the monolithic products exhibit enhanced mechanical integrity relative to 
traditional CAs. 
For the synthesis of the pre-activated CA, resorcinol (12.3 g, 0.112 mol) and 37% formaldehyde 
solution (17.9 g, 0.224 mol) were dissolved in water (15 ml), followed by the addition of glacial 
acetic acid (0.44 g, 0.007 mol). The reaction mixture was then transferred to glass molds and 
cured at 80°C for 72 hours. The resultant organic hydrogels were washed with acetone to remove 
the water and then dried with supercritical CO2. The organic aerogels were subsequently 
carbonized at 1050°C for 3 hours under an N2 atmosphere, yielding CA monoliths with densities 
0.55 g/cm3. The activation of these materials was carried out under flowing CO2 (10 sccm) at 
950°C. The activated CAs are designated as ACA-x, where x is the activation time in hours.  
Microstructural characterization was performed using scanning electron microscopy (JEOL7401-
F). Textural properties were determined using N2 adsorption–desorption techniques (ASAP 2010 
Surface Area Analyzer, Micromeritics). Surface areas and pore volumes were determined using 
Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) methods, respectively, 
while micropore volumes were calculated from t-plot analysis. 
The morphology of the pre-activated CA was evaluated using scanning electron microscopy 
(SEM). As shown in Figure 85a, the skeletal structure of the pre-activated CA consists of 
interconnected micron-sized carbon ligaments that define a continuous macroporous network. 
These ligaments appear to be made up of spherical primary particles that have fused together 
during network formation. This structural motif is similar to those in previous reports that used 
acetic acid as the reaction catalyst and is likely responsible for the enhanced mechanical integrity 
of these CA monoliths. Despite being macroporous, the pre-activated CA still exhibits 
appreciable surface area (approximately 400 m2/g) due to microporosity within the carbon 
ligaments. 
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To determine the effect of activation on the textural properties of this CA structure, cylindrical 
monoliths of the material were exposed to a stream of CO2 at 950°C for different soak times. 
Examination of the activated structures by SEM showed smaller network ligaments relative to 
the unactivated material (Figure 85b). Each of the activated samples exhibited typical nitrogen 
adsorption isotherm (Figure 85c). As the activation time is increased, the isotherms for the ACAs 
show increased adsorption at low relative pressures, indicating the formation of new porosity 
within the CA monoliths. At shorter activation times, this new porosity is in the form of 
micropores, as evidenced by the increased micropore volume measured for ACA-2 and ACA-3. 
At longer activation times, however, these micropores are widened to sizes that cross the 
micropore/mesopore boundary. The development of super micropores and/or small mesopores is 
confirmed not only by the diminished micropore volume at longer treatment times but also the 
slight hysteresis in the isotherm for ACA-6. Nevertheless, the BET surface areas and total pore 
volumes of the activated materials continue to increase with increasing activation times. While 
this general trend is similar to those observed in other activated CA systems, the key difference 
here is that the micrometer-sized network morphology of the pre-activated CA allows access to 
surface areas in the ACAs in excess of 3000 m2/g. Interestingly, all of the activated materials 
remained monolithic despite the significant mass loss during thermal treatment. 
 (c) 
Figure 85 – (a) SEM of pre-activated CA, (b) SEM of activated CA, ACA-6, and (c) BET 
surface area determination for ACA-3, ACA-5, and ACA-6. 
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Chapter 8 – Renewable Fuels 
OVERVIEW  
Some believe that an ideal solution to our energy problems in the United States should possess 
the following attributes: 
• Inexhaustible source of energy 
• Useable in existing infrastructure 
• No reliance on oil fields in the Middle East 
• Enables United States to become a supplier 
• No net generation of greenhouse gases 
• No need for CO2 sequestration 
• No heavy metal atmospheric and water pollutants 
• No nuclear waste 
• No threat of nuclear proliferation 
• Unattractive target for terrorism 
A long-term agricultural approach to energy production in the United States addresses all of 
these issues in a realistic, practical way, and is therefore an ideal solution to the problem. The 
photosynthetic production of bio-fuels and the development of efficient technologies for the 
direct conversion of those bio-fuels to energy could provide an inexhaustible supply of clean 
energy.  Such an approach to energy production would simultaneously eliminate several critical 
problems now facing the United States. For example, it would enable us to shift our national 
energy-dependence from potential adversaries in the Middle East to more-dependable American 
farmers. The United States is an agricultural economy, and will be far into the future. Despite 
comments to the contrary, published data indicates that the energy available from ethanol 
produced from cane sugar is significantly greater than the amount of energy required for its 
production. For example, only 10-15% of the energy available from the utilization of sucrose-
derived ethanol is used in its production. Thus, photosynthetic bio-fuels are indeed energy 
efficient to produce and use 
Photosynthetic bio-fuels are renewable and because all plants use carbon dioxide in the 
atmosphere as a source of cellular carbon, their use as fuels (essentially oxidizing cellular carbon 
to release energy and carbon dioxide) does not result in any net increase of carbon dioxide in the 
atmosphere.  The growth of bio-fuels decreases atmospheric carbon dioxide; their use of fuels 
simply re-releases the same carbon dioxide back to the atmosphere, thereby avoiding global 
warming. The use of existing industrial infrastructure will facilitate rapid deployment and will 
minimize any possible disruption in supply. Petroleum refining and distribution, already well-
developed industries, are ideally situated to meet needs in a new bio-fuel economy.  
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The proposed integrated effort would strive to accomplish the following: (1) development of 
integrated large-scale predictive computer models, incorporating climate, hydrology, crop 
growth, chemical processing, distribution, utilization, and economics; (2) development of 
technologies to promote near-term utilization of photosynthetic bio-fuels, such as efficient 
internal combustion engines, boilers, and turbines; (3) development of genetically-engineered, 
disease-resistant, water-efficient, high-yield energy crops; (4) development of advanced water 
production and irrigation technology to facilitate production; (5) development of technologies to 
promote more efficient long-range utilization of photosynthetic bio-fuels, such as glucose-based 
bio-fuel cells, direct-methanol and direct-ethanol fuel cells, low-temperature catalysts for 
hydrogen production from ethanol, proton-exchange membrane fuel cells, and (6) the leverage of 
advanced energy technology in other areas of national defense, such as light-weight and 
advanced water and power generation systems.  
The proposed “ideal solution” will minimize the production of undesirable solid, liquid and 
gaseous waste streams, and materials that will irreversibly pollute the environment. It is 
conceivable that carbon dioxide emitted from biomass conversion, biomass-generated alternative 
fuels, and even conventional natural gas (methane) power plants could be converted back to 
methane using bacterial methanogenic bacteria.  These organisms reduce carbon dioxide to 
methane as a central part of their normal cellular metabolism using hydrogen as an energy 
source.  We would like to explore the possibility of harnessing this capability to create a closed 
loop energy generation system whereby conversion of carbon to carbon dioxide and energy 
would be followed by the reduction of the emitted carbon dioxide back to methane.  This type of 
system would prevent any emission of carbon dioxide from carbon-based power systems. 
In the United States, the generation of electricity from biomass was equivalent to 8,421 
megawatts in the period around 1989. In the United States, there were 149 stand-alone biomass 
power plants, and 367 cogeneration biomass power plants. These stand-alone and cogeneration 
biomass plants had installed capacities of 2,459 and 5,962 megawatts, respectively. Almost 10% 
of this biomass capacity resided in the forward-looking State of California. The generation of 
electricity from biomass in California was equivalent to 991 megawatts, with 64 stand-alone 
plants and 30 cogeneration plants. These stand-alone and cogeneration biomass plants had 
installed capacities of 736 and 255 megawatts, respectively. Most of the biomass plants in 
California operate with a steam pressure of about 6 MPa  and a temperature of 480°C, compared 
to typical steam pressures of 10-24 MPa and temperatures of 510-540°C. Consequently, these 
California biomass plants have efficiencies of 14-18%, compared with 35% for a modern coal 
plant. 
Most biomass power plants today operate on a Rankine-type steam cycle, based upon a biomass-
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fired boiler coupled with a steam turbine. As an alternative to the Rankine-type steam cycle, gas 
turbines can be used. The major advances that have been made in coal gasification technology, 
with the integration of coal gasifiers to efficient gas turbines, are readily adaptable to biomass 
applications. In this case, the biomass gasifier feeds the gas turbine directly. In contrast to steam-
cycle technology, the unit capital costs of gas-turbine systems are relatively low and insensitive 
to scale. Thus, from a capital cost perspective, the gas turbine is an interesting candidate for 
biomass-based power generation. The gas turbine is also a good candidate for achieving higher 
thermodynamic efficiency, since the peak cycle temperature for modern gas turbines may be as 
high as 1,260°C. However, this inherent advantage of gas turbines is not exploited since the hot 
turbine exhaust gases (425-540°C) are discharged directly to the atmosphere. Electricity 
produced with such biomass power systems offer large environmental benefits, and is 
competitive with electricity produced from fossil fuels. 
Biological means can also be used to convert biomass to a relatively high-grade fuel such as 
methane. The first step in this biological process involves the conversion of cellulose, other 
polysaccharides, and proteins to sugars and amino acids through hydrolysis with cellulolytic and 
other hydrolytic bacteria. The second step involves the conversion of sugar and amino acid 
products to hydrogen, acetate, propionate and butyrate through fermentation (with fermentative 
bacteria). Then, propionate and butyrate products are converted to hydrogen, carbon dioxide and 
acetate through further fermentation (with syntrophs, hydrogen-producing fatty-acid oxidizing 
bacteria). The final step involves the conversion of hydrogen, carbon dioxide and acetate to 
methane through methanogenesis (with methanogenic bacteria). Unlike conventional 
gasification, the biological approach is conducted at relatively low temperature, approximately 
35-55°C, and is relatively slow.  
REPLACING GASOLINE WITH ETHANOL  
Ethanol was used as an alternative fuel during both World War I and World War II. Ethanol is 
produced by fermenting and distilling starch crops that have been converted into simple sugars. 
Feedstock for this fuel includes corn, barley and wheat. Ethanol can also be produced from 
"cellulosic biomass" such as trees and grasses and is called bio-ethanol. Ethanol is also made 
from a wet-milling process. Many larger ethanol producers use this process, which also yields 
products such as high-fructose corn sweetener.  
Chemically, ethanol (ethyl alcohol, grain alcohol, EtOH) is a clear, colorless liquid with a 
characteristic, agreeable odor. In dilute aqueous solution, it has a somewhat sweet flavor, but in 
more concentrated solutions it has a burning taste. Ethanol (CH3CH2OH) is a group of chemical 
compounds whose molecules contain a hydroxyl group, -OH, bonded to a carbon atom. Ethanol 
made from cellulosic biomass materials instead of traditional feedstock (starch crops) is called 
bio-ethanol. Ethanol has a higher heating value than gasoline: 21.2-23.4 mega-joules per liter 
Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
191 | P a g e  
 
verses 30.1-34.9 mega-joules per liter. The equivalence is 1.2 L of ethanol per L gasoline. 
The Clean Air Act Amendments of 1990 mandated the sale of oxygenated fuels in areas with 
unhealthy levels of carbon monoxide. Since that time, there has been strong demand for ethanol 
as an oxygenated blended with gasoline. In the United States each year, more than 1.5 billion 
gallons are added to gasoline to increase octane and improve the emissions quality of gasoline. In 
some areas, ethanol is blended with gasoline to form an E10 blend (10% ethanol and 90% 
gasoline), but it can be used in higher concentrations such as E85 or in its pure form. All 
automobile manufacturers that do business in the United States approve the use of certain 
ethanol/gasoline blends. Fuel ethanol blends are successfully used in all types of vehicles and 
engines that require gasoline. Approval of ethanol blends is found in the owners' manuals under 
references to refueling or gasoline. 
Some of the auto manufacturers make all production models of selected vehicles ethanol 
compatible. It is estimated that the automakers will have about 250,000 light-duty E85 vehicles 
on the road by the year 2000. If compression ratio is optimized for higher octane rating, ethanol 
has approximately 80% or more of the energy density of gasoline. E85 vehicles may require 
more frequent fueling; however, some auto manufacturers are installing larger fuel tanks in the 
E85 vehicles, so the range is the same as the gasoline-only version. Power, acceleration, payload, 
and cruise speed provided are comparable with those for equivalent conventional fuels. Ethanol 
makes and excellent motor fuel, and has a research octane number (RON) of 109 and a motor 
octane number (MON) of 90, both of which exceed those of gasoline, which has a RON of 91-98 
and a MON of 83-90. Ethanol engines have been designed and built that operate 30% more 
efficiently than a comparable gasoline engine. Use of special lubricants may be required, the 
correct oil is used, and that correct replacement parts are used. Maintenance assistance is 
available from local dealers; practices are very similar, if not identical, to those for 
conventionally fueled operations. 
Ethanol is already penetrating the transportation market as gasohol. Although an exact figure is 
not available, there are many gasohol outlets. However, ethanol used in gasohol is not an 
alternative fuel as defined by the EPA. It is a replacement fuel. Higher blends of ethanol 
specifically E85 are becoming increasingly available in certain regions of the United States. 
Nearly 150 stations are now operating in more than 20 states in the Midwest and Rocky 
Mountains. E85 is sold in the Midwest at prices equivalent to those for mid-grade unleaded 
gasoline. With mass production of some E85 compatible vehicles, OEMs can offer these vehicles 
at the same prices as comparable gasoline vehicles. In heavy vehicle applications, E95 has a 
difficult time competing with low diesel prices.  
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EN ERGY PENALTY FOR SEPARATION  OF  ETHANOL FROM WATER  
A more detailed analysis of ethanol production should include calculation of the minimum work 
to separate an ethanol-water mixture into enriched products at constant temperature and pressure, 
and can be computed with the following equation: 
W R T x x x xT jF jF jF i ji ji ji
jij






∑∑∑ γ φ γ  
where [φi] is the molar fraction of feed entering product [i], [xji] is the mole fraction of 
component [j] in product [i], and [γji] is the activity coefficient of component [j] in product [i]. 
BRAZIL IAN FUEL -ALCOHOL  PROGRAM (PRO -ALCOHOL )  
The Brazilian Fuel-Alcohol Program (Pro-alcohol) resulted in the emergence of a robust 
sugarcane agro-industrial system in the wake of the 1973 world oil crisis, and was driven by the 
strong desire of the Brazilian government to reduce dependence on foreign oil. According to 
authoritative references, a larger percentage of Brazil’s foreign dept can be blamed on the sharp 
increases in oil prices and interest rates during the 1970’s. The 15-years of experience gained 
from this program serves as a biological fuels model for the world. 
Ethanol has been used as an engine fuel in Brazil since 1903. During World War I, the use of 
ethanol was compulsory in many areas of the country. The ethanol production rate grew from 
150 million liters per year in 1923, to 650 million liters per year in 1941, to 12 billion liters in 
1989, driven in part by a federal decree in 1931 to use 5% ethanol in gasoline. In 1973, Brazil 
was importing 80% of its oil, which resulted in a sever setback in its balance of payments.  
From 1973 to 1987, total energy consumption in Brazil increased from approximately 90 million 
TOE (tons of oil equivalent) to 160 million TOE. During this same period, gasoline dropped 
from 12% of the energy market to only 4%, a clear indication of the success of the Brazilian 
Fuel-Alcohol Program. In years following 1985, the sales of neat-ethanol cars and light vehicles 
exceeded those of gasohol vehicles, a trend that was reversed in 1990 due to a shortage of 
ethanol. In 1989, the automotive fleet consisted of about 4.2 million neat-ethanol cars and 5 
million gasohol cars. 
Production costs for ethanol dropped 4% per year from 1973 to 1985. The ethanol production 
was 2,663 liters per hectare in 1977, and increased to 3,811 liters per hectare in 1985. From 1973 
to 1988, the agricultural yield increased 16%, and the industrial yield increased 23%. Ethanol 
production during this period created 700,000 new jobs, with an average salary of $12,000-
22,000 per job. Sugar cane for this level of ethanol fuel production requires only 4.2% of the 
total land mass necessary for food production. This is summarized in the following table. 
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Table 44 – Land Mass for Corn and Sugar Cane Production in Brazil (1970-80’s) 
Crop Cultivated Area (Hectare) Share (%) 
Corn 13,182 24.0 
Sugarcane 4,117 7.5 
Total 54,951 100.0 
 
CORN  
Corn is 70% starch, a polysaccharide consisting of straight and branched chains of glucose with a 
molecular weight of 1-2 million. Ethanol can be readily produced from corn starch by either dry 
milling or wet milling. In dry milling, corn is ground mechanically and cooked in water to 
gelatinize the starch. Enzymes are added to breakdown starch to glucose, which yeast ferments to 
ethanol. Distillation is used to produce an overhead product of 95% ethanol and 5% water. 
Molecular sieves or additional distillation can be used to produce 100% ethanol (neat ethanol). 
Solids can be recovered and sold as cattle feed. In wet milling, insoluble oil, protein, fiber, and 
solids are removed, with a slurry of starch fed to the ethanol production step. The yield of 
ethanol from corn can be substantial, as shown in the following table. 
Table 45 – Product Yields from One Tonne of Corn 
Corn Oil for Human Consumption 37 kg 
Corn Gluten Meal for Poultry 70 kg 
Corn for Cattle 275 kg 
Ethanol 440 L 
Carbon Dioxide 330 kg 
The production of ethanol was equivalent to approximately 8% of the gasoline production in 
1987. At the point in time when corn sold for $110 per tonne, ethanol produced from that corn 
sold for $0.29-0.41 per liter, compared to $0.15-0.20 per liter. During this period, 7 million 
tonnes of corn yielded 3 billion liters of anhydrous ethanol (0.06 exajoules, as a 10% gasoline 
blend). Note that 1 exajoule is equivalent to 1018 joules. The United States Department of 
Agriculture estimated that an additional 15-19 billion liters of ethanol could be produced from 34 
million tonnes of corn in the United States, without jeopardizing agricultural resources, or 
without raising grain prices. 
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SUGAR CANE  
Carbohydrates are the most abundant constituents of plants and animals on Earth, and can be 
monosaccharides, disaccharides (cane sugar), trisaccharides, tetrasaccharides, and 
polysaccharides (corn starch). Crops of sugar cane are 10-15% sucrose, a disaccharide, and can 
be converted to six-carbon glucose or fructose by hydrolysis. Ethanol is then produced through 
fermentation. As seen in Tables 46 and 47, the energy available from ethanol produced from 
cane sugar is far greater than the amount of energy required for its production. Only 10-15% of 
the energy available from the utilization of sucrose-derived ethanol is used in its production. 
Other sources state that the ratio of “energy in ethanol” to “energy in fossil fuels spent during 
production” ranges from 5.9 to 8.2, under average conditions. 
Table 46 – Energy Flows for Ethanol Production from Sugar Cane 
Requirement Averages Best Values 
 MJ/tonne cane MJ/tonne cane 
External Energy Inputs for Sugar Cane Production 221.75 197.46 
Agricultural Operations 36.95 26.33 
Transportation 57.59 45.90 
Fertilizers 69.18 64.74 
Lime 6.77 6.77 
Herbicides, Insecticides 12.03 15.39 
Seeds 8.11 7.23 
Equipment 23.28 23.28 
Labor 7.86 7.86 
External Energy Inputs for Ethanol Production 70.10 40.59 
Purchased Electricity 12.54 0.00 
Chemicals & Lubricants 6.56 6.56 
Buildings 14.17 9.45 
Heavy Equipment 17.22 11.50 
Light Equipment 19.60 13.08 
Table 47 – Energy Flows for Ethanol Production from Sugar Cane 
External Energy Flows Average Input Average Output Best Input Best Output 
 MJ/tone cane MJ/tone cane MJ/tone cane MJ/tone cane 
Agriculture 221.75  197.46  
Industry 70.10  40.59  
Ethanol  1707.11  1941.02 
Bagasse Surplus  175.14  328.55 
Input/Output Percent 15.51%  10.49%  
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CELLULOSE F IBER  
Cellulosic biomass is a complex mixture of carbohydrate polymers, approximately 50% cellulose 
and 20-40% hemicellulose. Hemicellulose consists of long chains of different sugars and lacks 
crystalline structure. Cellulosic biomass feedstock is lower in cost than corn, but has a natural 
resistance to decomposition. However, pretreatment can be used to reduce size and open up 
structure. Dilute acid hydrolysis can be used to convert cellulose into glucose, or hemicellulose 
into xylose. The hydrolysis reaction requires a residence time of 5-20 minutes in 0.5 wt. % 
H2SO4 at 140-160°C. However, plants in the United States and Germany based upon this type of 
technology have yields of only 50-60 percent, and cannot be used to produce ethanol that is 
competitive with other fuel options. During World War II, the United States Army developed a 
hydrolysis process with enzymes. Initially, this research and development effort was aimed at 
preventing the microbial attack of canvas (cellulose), but also lead to processes for the 
production of an alternative fuel. The dilute acid hydrolysis of hemicellulose to produce xylose: 
( ) 51052485 42 OHnCOnHOHC SOHn  →+  
The enzymatic hydrolysis of cellulose to glucose is represented by: 
( ) 612625106 OHnCOnHOHC cellulasen  →+  
Fermentation uses yeast such as Saccharomyces cerevisiae to convert either xylose or glucose to 







Although about 50% of the glucose (by weight) is lost to carbon dioxide, 96% of the heat of 
combustion of the cellulose is maintained (preserved) in the ethanol product. 
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ENERGY DERIVED FROM GASIF ICATION  OF ANIMAL DUNG  
Not only can corn (maize), sugar cane, wheat, rice, and other crops be used as a biomass 
feedstock, animal dung can also be used. In the United States, the energy available in animal 
dung is comparable to that in maize and larger than that available in other sources. World wide, 
animal dung accounts for more available biomass energy than any crop. Of the 3.1 exajoules 
(3.1×1018 joules) per year available in dung throughout the United States, commercial energy 
produced from dung is equivalent to only 0.4 exajoules per year. Similarly, of the 40.8 exajoules 
per year available in dung throughout the world, commercial energy produced from dung is 
equivalent to only 5.2 exajoules per year. The availability of energy in dung is correlated with 
the utilization of land as permanent pasture throughout the world, as shown in one of the tables 
that follow. Note that 1 exajoule is equivalent to 1018 joules. 
Table 48 – Energy Content in Different Sources of Biomass (1985) 












US & Canada 2.95 1.93 0.13 0.19 3.08 
Europe 0.61 2.39 0.04 0.00 4.22 
China 1.23 1.75 3.43 0.48 4.81 
Latin America 0.71 0.38 0.29 3.58 7.21 
Africa 0.48 0.25 0.20 0.54 5.38 
World 6.7 10.9 9.7 7.7 40.8 
Table 49 – Worldwide Land Use Patterns (1989) 



















US & Canada 1,839 650 236 274 1,160 
Europe 473 157 140 83 380 
China 933 127 97 319 543 
Latin America 2,052 961 180 573 1,714 
Africa 2,964 686 186 891 1,763 
World 13,129 4,095 1,478 3,323 8,897 
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REFORMING ENERGY -DENSE NATURAL  GAS TO PRODUCE HYDROGEN FOR FUEL CELLS  
Natural gas can be converted to hydrogen via a reformer, and fed to a PEMFC, or other fuel cell, 
via gas purification membranes, required for the removal of electro-catalytic poisons, including 
carbon monoxide and sulfur-bearing chemical species. The steam reforming of natural gas (NG) 
or methane (CH4) to hydrogen that can be burned in a proton exchange membrane fuel cell 
(PEMFC) occurs via two sequential reactions. The first reaction is: 
224 3HCOOHCH +→+  
This reaction is endothermic with an estimated heat-of-reaction of approximately 206.16 kJ per 
mol-NG (57.27 Wh/mol-NG or 3,579 Wh/kg-NG). The next reaction step is: 
222 HCOOHCO +→+  
This reaction is moderately exothermic with an estimated heat-of-reaction of approximately -
41.16 kJ per mol-NG (-11.43 Wh/mol-NG or -715 Wh/kg-NG). The overall chemical reaction 
involved for the conversion of methane to hydrogen in the reformer is:   
2224 4HCOOHCH +→+  
This reaction is moderately endothermic, with an estimated heat-of-reaction (∆H) of 
approximately 165.00 kJ per mol-NG (45.83 Wh/mol-NG or 2,865 Wh/kg-NG). As an 
approximation, it is assumed that both products and reactants are gases at ambient temperature 
and pressure. The overall efficiency of the reformer is assumed to be approximately 70-85%, 
which is representative. Hydrogen is then burned in the PEMFC via the following reaction: 
OHCOOH 2222 224 +→+  
The difference in enthalpy between the products and reactants is approximately -241.83 kJ per 
mol-NG (-67.18 Wh/mol-NG or -4,198 Wh/kg-NG). The corresponding change in Gibbs free 
energy is reflected in the electrochemical potential for this reaction, which under standard 
conditions is approximately 1.23 volts.  The efficiency of the PEMFC is assumed to be 
approximately 65-75%, which is representative. The overall reaction for the conversion of 
methane to CO2 and H2O in the combined reformer and fuel cell system is: 
OHCOOCH 2224 22 +→+  
The value of ∆H is -802.32 kJ per mol-NG (-222.87 Wh/mol-NG or -13,929 Wh/kg-NG). 
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Chapter 9 – Photovoltaic Energy Conversion 
OVERVIEW  
The average annual solar radiation falling on the United States ranges from 1,340 kWh/m2 in 
Seattle, to more than 2,530 kWh/m2 in Albuquerque.  The corresponding power densities are 
0.153 and 0.289 kW/m2, respectively.  This energy can be converted to electrical power at an 
efficiency of 12 percent.  A typical four-person household requires 5 kW, which requires 
collection of solar radiation from an area of 272 square meters.  Since the United States is rapidly 
approaching a population of 300 million persons, more than 0.1% of the land within the United 
States would have to be covered by solar collectors. The production of photovoltaic or photo-
thermal devices to cover such large areas will be limited by the availability of necessary 
semiconductors, and metals, ceramics. 
Average annual solar radiation falling on the United States 
• 1,340 kWh/m2 & 0.153 kW/m2 in Seattle 
• 2,530 kWh/m2 & 0.289 kW/m2 in Albuquerque 
Estimated requirement 
• Typical conversion efficiency approximately 12 percent 
• A typical four-person household requires 5 kW 
• Requires collection of solar radiation from an area of 272 m2 
• More than 0.1% of the land within the United States would have to be covered by solar 
collectors to supply power for 300 million persons 
Technology is expensive & materials limited 
• $0.25 to $0.35 per kWh 
• Compare to today’s cost of $0.13 per kWh 
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SOLAR RADIAT ION  
The energy of a photon incident upon a photovoltaic device is proportional to the photon’s 




Assuming a value of the wavelength near the center of the visible spectrum and an approximate 





The energy of the corresponding incident photon is then (2.08 eV): 
( ) ( ) ergcmscm 128110 1031.3106000103 −−− ×=×⋅×=ε  
ergJeV 1219 106.11060.11 −− ×=×=  
( ) ( ) eVeVergerg 08.2/1060.11031.3 1212 =××= −−ε  
The flux of photons striking the surface of the photovoltaic is given by (Angrist – Equation 5-2) 
and has the units of photons per unit area per unit time (photons/cm2/sec): 
avephavephph hcNhNN λυε /===Φ  















With the incident flux of photons, electrons (n) and holes (p) are generated at a rate (f = electron-
hole pairs/cm2/sec), with electron and hole lifetimes (τn and τp), and the following electron and 
hole densities (Angrist – Equation 5-3): 
*
nfn τ=∆           *pfp τ=∆  
Given these electron and hole densities, and corresponding electron and hole mobilities (µn and 
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µp), the following increase in electrical conductivity is experienced during illumination (Angrist 
– Equation 5-4): 
( )pn pne µµσ ∆+∆=∆           ( )ppnnef µτµτσ ** +=∆  






The transit time is defined with the interelectrode spacing (L) and the mean drift velocity 












The flux of solar irradiation at other positions on the Earth’s surface is summarized in Table 50. 
Table 50 – Flux of Photons Striking Surface of Photovoltaics (Angrist Table 5-1) 
m w Comments Φ εave Nph 
   W⋅ cm-2 eV s-1⋅ cm-2 
0 0 Outside atmosphere 0.135 1.48 5.8×1017 
1 0 Sea level – sun at zenith 0.106 1.32 5.0×1017 
2 0 Sea level – sun 60.0° from zenith 0.088 1.28 4.3×1017 
3 0 Sea level – sun 70.5° from zenith 0.075 1.21 3.9×1017 
1 2 Approx. 50% relative humidity 0.103 1.25 4.8×1017 
3 5 Extreme condition 0.059 1.18 3.2×1017 
1 0 Cloudy day – 7000K black body 0.012 1.44 5.2×1017 
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GENERAT ION OF HOLES &  ELECTRONS  



























Assuming that the thermally regenerated electrons have enough energy to cross dross the 
potential barrier: 
( ) ( )ngpg εεε −=∆
 
The proportionality factor for the recombination current: 





























































The total current flowing through a photovoltaic cell is the difference between that whichwould 
flow if the cell was short-circuited, and that which would flow across the junction due to both 
electrons and holes (Angrist – Equation 5-14): 
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The dark (saturation) current is I0 and the voltage across the junction is V. The total current 
density flowing through the device is the difference between the short-circuit current density, and 
the total current density due to both electrons and holes flowing across the junction (Angrist – 
Equation 5-16) 














The maximum voltage in the photovoltaic device occurs under open-circuit conditions (J = 0) 



















The power density is calculated from the product of the current density and the cell voltage 





















In order to calculate the maximum power, this expression is differentiated with respect to 
voltage, with the derivative set to zero. This yields the following implicit equation from which 
the voltage at maximum power can be determined (Angrist – Equation 5-20): 






The current for maximum power is found by combining the implicit equation for the voltage at 
maximum power with the equaton for current density (Angrist – Equation 5-21): 
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( )( )



















The maximum power density is calculated by from the current density and voltage corresponding 
to this maximum value (Angrist – Equation 5-22) 
mpmpVJP =max
 
This is it (Angrist – Equation 5-23) 
( )( )


















Since the saturation current density is orders-of-magnitude smaller than the short-circuit current 
density, the efficiency at maximum power is approximately (Angrist – Equation 5-24): 
( )( )














CARRIER MOBIL ITY &  TRANSPORT  
The distance that a charge carrier travels before recombination is L (Angrist – Equation 5-25): 
*τDL =
 
The current density driven by diffusion due to a concentration gradient is governed by Fick’s 1st 





A steady state is reached when the conduction current density is equivalent to that for diffusion: 
EJJ cdD σ==
 




For low carrier concentrations, charge carriers can be assumed to obey Boltzman statistics over 
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A relationship is found between the carrier diffusion coefficient and the mobility by combining 





OPTICAL  EFFECTS  
The short-circuit current density accounting for the collection efficiency, reflection losses, and 
transmission losses is (Angrist – Equation 5-30): 
( ) ( )[ ] phcos enlrJ αη −−−= exp11
 
The light intensity in the device at depth x can be calculated with the following equation and the 
absorption coefficient α (Angrist – Equation 5-31): 
( )xα−Φ=Φ exp1
 
The collection efficiency for an infinite planar p-n junction with thickness l is (Angrist – 
Equation 5-32): 











To estimate reflective losses the reflection coefficient (r) is calculated from the junction’s index 













The index of refraction may not ve known with accuracy for real devices. An empirical 
expression has been developed by Moss for estimating the apparent index of refraction for real 
devices (Angrist – Equation 5-34) 
( ) 1734 =γε g
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Reflection, transmission and collection losses are accounted for in the constant K: 
phnKJ =0
 
If it is assumed that K=1 and that eVmp/kT >> 1, the following approximate expression for the 

















































The parameter ni is the equilibrium density of electrons at the intrinsic semiconductor. The 









The saturation current for holes is then (Angrist – Equation 5-40): 
( ) ( )( )kTkTeLTJ gppnnp /exp1023.2 13310 εµµρ −×= −  
  
Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
206 | P a g e  
 
Table 51 – Collection Efficiency vs. Parameters in Equation 
s
 L  α  coη  
cm/sec Cm 1/cm dimensionless 
0 10-2 103 0.61 
0 10-3 103 0.47 
0 10-3 106 0.65 
100 10-3 103 0.61 
∞ 10-2 103 0.25 
∞ 10-3 103 0.23 
∞ 10-3 106 0.001 
∞ 10-6 103 6×10-5 
SEMICONDUCTOR MATERIALS FOR PHOTOVOLTAIC  DEVICES  
Some of the most popular materials choices for photovoltaic cells are summarized in the 
following table, Table 52, where the illumination is assumed to be approximately 140 mW/cm2, 
and the band gap of CdS is controlled by width of energy gap of Cu2S. All other properties are 
assumed to be those of Si: 
L IM ITATIONS ON  PHOTOVOLTAIC ENERGY CONVERSION  










The voltage factor is a parameter that quantifies the extent to which the cells potential is being 

























The curve factor as defined by Wolf is (Angrist – Equation 5-43) 



















The voltage drop around the circuit is (Angrist – Equation 5-44) 
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 eV cm2/sec cm2/sec sec $/W none A/cm2 mA/cm2 V % 
Si 1.12 1200 250 10-5 15-60 Theory 5.9×10-12 44.5 0.58 22 
Si 1.12 1200 250 10-5 15-60 Expt. 1.0×10-8 35 0.61 15 
CdS 1.20 1200 250 10-5 45 Theory 1.0×10-14 51 0.73 23 
CdS 1.20 1200 250 10-5 45 Expt. 7.0×10-11 34 0.50 8.3 
CdTe 1.45 300 30 10-8 45 Theory 1.0×10-19 39 0.95 21 
CdTe 1.45 300 30 10-8 45 Expt. 2.2×10-12 24 0.58 6.5 
GaAs 1.35 3000 600 10-8 800 Theory 1.0×10-16 41 0.84 21 
GaAs 1.35 3000 600 10-8 800 Expt. 4.7×10-11 21 0.50 4.2 
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DEVICE DESIGN &  ECONOMICS  
Table 53 – Design method for photovoltaic device prescribed by Stanley Angrist: 













layerptheinacceptorscmNa −= −31910  layerntheinacceptorscmNd −= −31710  
The device design begins with an estimate of those quantities required to calculate the saturation 































The concentration of electrons in the conduction band is:
 








































The following simplifying assumption is made:
 
( )( ) 1810exp −≈− kTfε
 
Furthermore, assuming that: 
df εε ≅
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And the corresponding concentration of holes in the n-type material is: 
331012.3 −×= cmpn
 
The concentration of holes in the p-type material is substantially larger than the concentration of 
electrons in the n-type material, indicating that most of the current is carried by holes in the p-
type materials, and holes injected into the n-type material: 
31910 −≈ cmpp
 
The diffusion coefficient for the holes is:
 












The hole diffusion length is:
 
( )( ) cmsscmDL ppp 252* 1002.110/4.10 −− ×=== τ
 
The hole saturation current is then: 
( )























The apparent refractive index of the device is estimated (Angrist – Equation 5-34): 
( ) ( ) 17311.1 44 == γεγ g  
54.3=γ
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The fraction of incident light that is transmitted (36.8%) is determined from Beer’s Law, the path 
length (l) and the absorption coefficient (α):
 
( ) ( ) percentl 8.36368.01010expexp 33 ==×−=− −α
 
The short-circuit current density is (Angrist – Equation 5-30): 
( ) ( )[ ] ( )( )( )( ) 231719 /107.1210310137.0131.0161.0exp11 cmAenlrJ phcos −− ×=××−−=−−−= αη
 





































( )[ ] ( )[ ] 101051.2026.01026.0exp ×=+ mpmp eVeV
 
















































The maximum power is: 
( )( ) 233 /1054.654.0101.12 cmWVJP mpmpmp −− ×=×==
 
The incident photon energy is: 
22191217 /106.9/1/1060.125.1108.4 cmWjoulesWeVjouleeVscmN aveph −−−− ×=⋅×××××=ε  








































Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
211 | P a g e  
 
Chapter 10 – Thermoelectric Energy Conversion 
OVERVIEW  
Thermoelectric power generators are p-n junctions in which charge carriers and heat flow in 
parallel.  Electrons and holes must acquire energy at the p-n junction to flow in a direction 
opposite to the temperature gradient (from cold to hot).  Both ohmic heating and heat conduction 
must be minimized for the efficient operation of such devices. These devices have no moving 
parts and can be used for the reliable direct conversion of heat to electrical energy with 
exceptional reliability in remote and inaccessible locations, including deep space.  
F IGURE-OF -MERIT  
The thermodynamic efficiency of a thermoelectric power generator (ηt) is calculated from the 
dimensionless figures-of-merit for the materials used to construct the device. The dimensionless 
figure-of-merit for a specific material (ZT) is defined in terms of the Seebeck coefficient (α), the 





The thermal conductivity (λ) in the denominator of this expression has two components, the 
electronic contribution to the thermal conductivity (λel); and the lattice thermal conductivity 
(λph), which can be decreased by increasing phonon scattering: 
elph λλλ +=  





After substitution, the dimensionless figure-of-merit (ZT) can then be defined in terms of four 
quantities: the Seebeck coefficient (α); the electrical conductivity (σ); the thermal conductivity 
has two components, the electronic contribution to the thermal conductivity (λel); and the lattice 
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THERMOELECTRIC  MATERIALS  
The efficiency of a thermoelectric generator is limited by the available temperature gradient 
across the device, and the properties of the solid state materials used in its construction. A good 
thermoelectric material should have a high power factor (σα2) and a low overall thermal 
conductivity (λph+λel). Furthermore, the material should be plentiful enough (and sufficiently 
inexpensive) to enable the possible construction of large-scale devices.  
Metals have relatively low Seebeck coefficients and high thermal conductivities, which make 
them poor choices for the construction of thermoelectric generators and coolers, even though 
they have very high electronic conductivities, which is desirable. The Wiedemann-Franz-Lorenz 
Law can be used to calculate a bounding value for the dimensionless figure-of-merit of a metal. 
As previously discussed, this law states that the following ratio for metals should be invariant 

























Substituting this temperature-independent ratio into the expression for the dimensionless figure-
of-merit, and assuming a very high value for the Seebeck coefficient (100 microvolts per Kelvin) 




















Semiconductors have reasonably high electronic conductivities, high Seebeck coefficients and 
low thermal conductivities, a combination that makes them far better thermoelectric materials 
than metals. Furthermore, the dimensionless figure-of-merit for semiconductors can be enhanced 
by optimizing the concentration of dopants (charge carriers) in the material. Semiconductors that 
have been shown to be good thermoelectric materials include: bismuth telluride; lead telluride; 
silicon-germanium alloys; silicides; sulfides; and antimonides. For example, Bi0.9Sb0.1 is a 
thermoelectric material with rhombohedra crystal structure, as shown in Figure 86. PbTe0.8Se0.2 
is a thermoelectric material with cubic NaCl rock-salt structure, as shown in Figure 87, and 
Bi2Te3 is a rhombohedral layered compound, as shown in Figure 88. Variants can be formed by 
replacing Bi with Sb (mass discontinuity in cation sub-lattice, thereby creating n-type material), 
and by replacing Te with Se (mass discontinuity in anion sub-lattice, thereby creating p-type 
material). These materials are summarized in Table 54, along with the optimum operating 
temperature and dimensionless figure-of-merit (ZT) at that temperature. 
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Table 54 – Thermoelectric Materials and Figures
Family Type Compound
   
Tellurides P 25% Bi2Te
  N 75% Bi2Te
  P PbTe 
  N PbTe 
  N Pb0.75Sn0.25
  P (GeTe)0.95
  P AgSbTe2 
   
Si-Ge Alloys P Si70Ge30 
  N Si70Ge30 
   
Silicides N FeSi2 + 3%Co
  P Ru2Si3 
  N Ru2Si3 
   
Sulfides P Ce3-xS4 (0.00 < x < 0.33)
  P Ce3-xS4 (0.30 < x < 0.33)
  N LaS1.445 
  P US 
   
Antimonides P IrSb3 
   
Superlattice   PbTe/Te 
 
Figure 86 – Bi0.9Sb0.1 thermoelectric material with
– J. C. Farmer et al.
– LLNL-MI-464396 
-of-Merit for Various Ranges of Temperature
 T(K) ZT Source 
   
3 + 75% Sb2Te3 300 0.98 Rosi 1968
3 + 25% Bi2Se3 300 0.72 Rosi 1968
600 1.05 Rosi 1968
600 1.05 Rosi 1968
Te 900 1.44 Wood 1988
(Bi2Te3) 750 1.28 Wood 1988
650 1.17 Wood 1988
   
1000 1.00 Rosi 1968
1000 1.10 Rosi 1968
   
 1000 0.08 Matsubari
700 0.00 Ohta 1992
500 0.01 Ohta 1992
   
 1000 0.43 Cutler 1964
 1000 1.03 Cutler 1964
1000 1.53 Kamarzin
573 0.06 Gmelin 
   
773 0.50 Caillat 1992
   
300 1.90 Harman
Bi and Sb 
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Figure 87 – PbTe0.8Se0.2 thermoelectric material with 
Figure 88 – Important crystal structures: rhombohedral Bi
can be formed by replacing Bi with Sb (mass discontinuity in cation sub
n-type material), and by replacing Te with Se (mass discontinuity in anion sub
creating p-type material). 
a
– J. C. Farmer et al.
– LLNL-MI-464396 
Pb Te and Se 
cubic NaCl rock-salt structure
 
2Te3 is a layered compound. Variants 
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The scattering of conduction electrons impacts the Seebeck coefficient (α), the electronic 
conductivity (σ) and the electronic contribution to the thermal conductivity (λel). The Seebeck 
coefficient for an n-type material is defined in terms of the energy of the forbidden gap (εg), the 
Fermi energy (εf) and the scattering constant (s) and is approximately one-half (s ~ ½) for 
acoustic scattering. 
( )










The scattering parameter determines the relaxation time, the time required for a non-equilibrium 
distribution to return equilibrium: 
sT −Φ= εετ )()(  
The Seebeck coefficient can be simplified with two parameters: 





εεξξξ −=−=  
By substituting these parameters into the expression for the Seebeck coefficient, a simpler 







The electronic conductivity is a product of the number of electrons (n), the mobility (µ), and the 






The mobility is determined by the rate at which electrons are scattered within the lattice. The 
number of conduction electrons influences the Seebeck coefficient, the electronic conductivity 
and the thermal conductivity directly, and can be estimated with the following equation: 
( ) ( )gfcgf
c N
N
n ξξ −≈+= exp2exp1
2
 
This equation is obeyed, provided that the Fermi level is below the conduction band by an 
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The impact of scattering on the electronic contribution to the thermal conductivity is now 
considered. First, the Wiedemann-Franz-Lorenz Law is used to define this property in terms of a 





























































Substituting into the expression for the thermal conductivity, and expression is obtained that is 













Substituting the scattering-dependent parameters into the expression for the figure-of-merit: 
( ) ( ) ( )















This expression can be further simplified and multiplied by the absolute temperature to yield a 
scattering-dependent dimensionless figure-of-merit: 
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The parameter (A’) in this expression are define as follow: 














The parameter (Ns) is similar to (Nc), but uses the free electron mass (m) instead of the effective 
mass (m*). If temperature is given in degrees Kelvin (K), mobility is given in (cm2 V-1 s-1) and 
thermal conductivity is given in (W cm-1 K-1), the parameter A’ can be calculated with the 
following equation:  
( ) ( ) ( )232/32/5 10/10/*300/8995.0 ×××=′ − phmmTA λµ  
The optimum dimensionless figure-of-merit is determined by differentiating (ZT) with respect to 
(ξgf ) and setting the result to zero to find: 
( ) ( )gfgfA ξξδδ exp22 +−=′  
DEPENDENCE OF DEVICE  EFFICIENCY ON  F IGURE-OF -MERIT  
The thermal efficiency of a thermoelectric generator (ηt(max)) at the optimum current level is: 
( )






























Tave is the average temperature of the device, TH is the hot temperature and TC is the cold 
temperature.  To achieve values of ηt(max) thermoelectric materials with high Z*Tave values must 
be used. As Z*Tave becomes very large, the thermal efficiency approaches that of an ideal Carnot 
cycle, as shown in Figure 89.  
Similarly, the COP coefficient-of-performance of a thermoelectric cooler, which is also known 






























The overall figure-of-merit for the device is defined as: 
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( )










A high dimensionless figure-of-merit (Z*Tave) is required for acceptable thermal efficiency 
(ηt(max)) or coefficient of performance (βt(max)). The coefficient of performance of a CFC-type 
refrigerator reached at Z*Tave ~ 3, as shown in Figure 90. The theoretical basis for these 
important relationships is presented in the following section. 
 
Figure 89 – Efficiency ηt(max) as a function of Z*Tave for TC/TH ratios from 0.01 to 0.99. 
 


























Dimensionless Figure of Merit of Device (Z*Tave)
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Dimensionless Figure of Merit of Device (Z*Tave)
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THEORETICAL FOUNDAT ION FOR THERMOELECTRIC GENERATOR  
When metals and semiconductors are placed in a temperature gradient, a difference in electric 
potential is observed between the hot and cold extremes in the material. This potential difference 





TCH ∫=−=∆ α   
Consider a simple device consisting of two copper leads (Cu) connected to two different 
thermoelectric materials (A and B) joined to form a junction (A-B). The temperature of the 
terminal ends of the two copper leads is RT  (reference temperature, points 1 and 2), the 
temperature of the thermoelectric materials at the junctions A-Cu and B-Cu is CT  (cold-side 
temperature, points 3 and 4), and of the thermoelectric materials at the junction A-B is HT  (hot-
























dTVV α42  




dTVVV αα12  
This corresponds roughly to Equation 2 found in the book by Stanley W. Angrist (Angrist – 
Equation 2). Consider current flow ( )I through a two thermoelectric materials (A and B) at 
electric potentials ( )AV  and ( )BV , respectively, and the junction formed at the interface between 
the materials which is maintained at a constant temperature ( )T . The rate of energy transfer into 
material A at the end away from the A-B junction is: 
( )AIq TA pi=  
The rate of energy transfer into material A at the end away from the A-B junction is: 
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( )BIq TB pi=  
The rate at which work must be done at the junction to maintain it at constant temperature is: 
( ) jBA RIVVI 2=−  
The resistance of the junction is assumed to be ( )jR . From an overall energy balance based upon 
the first law of thermodynamics, we know that the rate at which heat must be removed from the 
junction is: 
( ) ( )( )BAIRIq TTjj pipi −+= 2  
Alternatively, from the second Kelvin relationship we know that: 
( )BAjj ITRIq αα −+= 2  
The analysis thus far has neglected to account for heat transfer through the sides of 
thermoelectric materials A and B )( sq . With an analysis on a segment of each of the 
thermoelectric materials similar to that done for the A-B junction (Angrist – Equation 4-6): 
( )[ ]21)2()1( ααpipi TTTVIIIVIq TTs −∆++∆=−+∆=  
Representing the differences as a derivative: 
T
dT
d ∆+= ααα 21  











The voltage drop across the rod includes terms for both the Joule heating and contributions from 
the Seebeck effect: 
TIRV ∆−=∆ α  
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Sir William Thomson, who eventually became Lord Kelvin, used thermodynamics alone to 
reason that a conductor carrying a current would experience heating or cooling in addition to the 
well-known Joule heating. The equation given as (Angrist – Equation 4-8) can then be rewritten 
as another equation given as (Angrist – Equation 4-10): 
)(2 TIRIqs ∆+= τ  
By combining the equations given in the text (Angrist – Equations 4-2 and 4-9), we obtain Lord 



















Lord Kelvin’s second relationship, which is derived from irreversible thermodynamics, relates 







T αpi ==  
As pointed out in the text by Angrist, the Seebeck and Peltier coefficients are defined for 
junctions formed between two conductors or semiconductors, while the Thomson coefficient 
defines an intrinsic property of a single conductor or semiconductor. Given that the Thomson 
coefficient is an intrinsic material property, it can be used to define an absolute Seebeck 








We now move forward, looking at the Peltier and Seebeck coefficients in terms of the 
conduction and valence bands.  
The magnitude of the energy per coulomb that each hole takes out of the metal into the 
semiconductor is the Peltier coefficient and is the sum of the Fermi energy and the additional 
energy required to permit the movement of holes in the semiconductor: 
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This expression ignores the scattering of charge carriers in the crystal. In the case of a p-type 
semiconductor, if scattering is accounted for with a relaxation time of the form ( ) sT −Φ= ετ the 


















In cases where s = ½ for acoustic scattering by the lattice, the first equation is obtained. 

















The Seebeck coefficients are obtained by apoplying Kelvin’s second relation found in Chapter 2 
of Direct Energy Conversion by Stanley Angrist. For p-type materials the Seebeck coefficient is 

















































In an intrinsic semiconductor, both the electrons and holes diffuse in the temperature gradient, so 
that they can cancel each other’s contribution of both types of charge carriers have the same 
mobility. However, if mobility values are different the net Seebeck coefficient can be found from 
a weighted average (Angrist – Equation 4-20): 
( ) ppnnipn αµαµαµµ +=−  
This expression can be simplified if it is assumed that the Fermi level lies in the center of the 






εε ≈−  
With this assumption, combination of expressions for the Seebeck coefficients for the holes and 
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electrons, respectively, and the expression for the net Seebeck coefficient, the following 





































In the case of mixed conduction, where the concentration of holes and electrons are not 
equivalent, np ≠ , and where the mobility of the holes and electrons are not equal, np µµ ≠ , the 






































































As a hole moves from the cold end of a uniformly doped semiconductor to the hot end, it loses 
potential energy ( )DeV  and gains thermal kinetic energy ( )Tk∆2 . The Thompson coefficient for a 
p-type semiconductor with acoustic scattering by the lattice, in the units of volts per degree, is 










The concepts presented thus far are now used for the analysis of simple thermoelectric devices. 
The simplest thermoelectric generator or Peltier cooler consists of two thermoelectric materials, 
an n-type semiconductor and a p-type semiconductor that form a junction. The analysis of a 
thermoelectric generator requires knowledge of the heat transfer along the length of the 
semiconductor legs of the device. The heat transfer from into a segment )(dx of either 
thermoelectric material, from the highest temperature, and through the cross-sectional area of the 
material, is determined from Fourier’s law of heat conduction (Fourier’s First Law): 
dx
dTqin λ−=  



















dTqout λ  
Joule heating based upon the current density )/( AIJ = and the electrical resistivity )(ρ  is: 
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dxJqJoule ρ2=  
If for a moment we assume temperature independent properties (the Seebeck coefficient is 












As shown by Angrist, this simple second-order ordinary differential equation (ODE) is solved 
with the following boundary conditions: 
0== xatTT H  
lxatTT C ==  

























The temperature difference is defined from the hot and cold extremes )( CH TTT −=∆ . It is now 
useful to define the temperature derivatives at the hot and cold sides of the material. At the hot 
junction (first boundary condition) with the gamma being defined as the aspect ratio of the 
























The energy transfer due to the Peltier effect at each junction (Peltier heat) is proportional to the 
product of the Peltier coefficients and the current through the junction formed between the p- and 
n-type semiconductor legs of the device (Angrist – Equation 4-31): 
( ) pnpnTpnrnTprT II )()()( pipipi −=−−  
From Lord Kelvin’s Second Relationship the following expression is found (Angrist – Equation 
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4-32): 
pnpnpnT ITI αpi −=− )(  
The combined Seebeck coefficient for the p-n junction is defined as: 
pn ααα +=
 
The average product of the electronic resistivity and thermal conductivity is defined as: 
( ) ( )( )22121 ppnn λρλρρλ +=
 
These quantities are combined to define the figure-of-merit of the device:
 
( )










The maximum efficiency of a thermoelectric generator will be derived in this section, with the 
result being: 
( )































As given in the book by Stanley W. Angrist, as well as other texts on the subject, the derivation 
begins by defining the thermal efficiency as the ratio of the electrical power output by the device 


















The thermal power input to the hot junction is the sum of (Angrist – Equation 4-29) plus the 
Peltier effect term: 
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The output power is simply is equivalent to the square of the current, times the resistance 





























Expressing the thermal efficiency in terms of this parameter: 
( )























The product of the electronic resistivity and thermal conductivity of the device is defined as: 
( ) ( ) ppnpnppnpnnnRK ρλγγρλγγρλρλ +++=
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To achieve the maximum possible thermal efficiency for a thermoelectric generator, the product 
of the electronic resistivity and thermal conductivity must be minimized. Physically, this 
corresponds to simultaneously minimizing Joule heating and thermal loss in the device. The 
minimum value of the product of the electronic resistivity and thermal conductivity is: 
( ) ( ) ( )( )22121min ppnnRK λρλρ +=
 






The optimum value is defined by using the minimum value of the product of the electronic 
resistivity and thermal conductivity: 
{ }











The thermal efficiency corresponding to this optimum figure-of-merit is then:  
( )





















The optimum thermal efficiency is then found by differentiating with respect to (m’), and setting 
the result to zero. The optimum parameter value (m’opt) is then found to be: 
( ) 21*1 aveopt TZm +=′
 
The average temperature of the device is simply:
 
( )HCave TTT += 2
1
 
The maximum thermal efficiency of a thermoelectric generator is therefore:
 
Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 













Expressing this maximum thermal efficiency in terms of the dimensionless figure-of-merit: 
( )































The thermal efficiency, as a function of dimensionless figure of merit, at various rations of hot-
to-cold temperature has been calculated, and is shown in Figure 91. 
 
Figure 91 – Efficiency ηt(max) as a function of Z*Tave for TC/TH ratios from 0.01 to 0.99. 
In some cases, the engineer must optimize the devices power output, by sacrificing some 
efficiency. To determine the maximum efficiency, the output power is first defined in terms of 



































Dimensionless Figure of Merit of Device (Z*Tave)
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The maximum power is achieved at a resistance ratio of unity. The efficiency of a single-stage 

































Since the electrical resistivity and thermal conductivity of the n- and p-type materials comprising 
the two legs of the thermoelectric generator are different, the aspect ratios must be carefully 
selected to minimize losses in the device: The aerial power density (power per unit cross-















The total cross-sectional area of the device is defined as the cross-sectional area of the n-type 
material, plus the cross-sectional area of the p-type material: 
pntotal AAA +=
 
The aerial power density can be maximized by differentiating with respect to the ratio An/Ap, 





















Thermoelectric generators have been used with radioisotope sources to produce power for a 
number of important applications, including space exploration. Characteristics of several 
possible radioisotope sources are given in Table 55: 
  
Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
230 | P a g e  
 
Table 55 – Radioisotope Heat Sources for Thermoelectric Generators (Angrist) 




Half Life Max. Op. 
Temperature 
Shielding 
   W/cm3 W/gram years °C  
Po-210 GdPo α 820 82 0.38 1600 Minor 
Pu-238 PuO2 α 3.7 0.41 86.4 1000 Minor 
Cm-242 Cm2O3 α 1050 98 0.45 1600 Neutron 
Cm-244 Cm2O3 α 28.6 2.6 18 1600 Neutron 
Pm-147 Pm2O3 β 2.1 0.28 2.6 1000 Minor 
Sr-90 SrO β 1.2 0.24 28 1000 Heavy 
The SNAP-19 power supply designed in the 1970’s for the Viking Lander used Pu-238, with an 
initial hot-junction temperature of 840K, a cold-junction temperature of 470K, a thermal input 
power of 682 watts, electrical generation of 35 watts at 4.4 volts, and an efficiency of 6 percent. 
This unit was 16 inches high, weighed 35 pounds, and had a specific power of 2.6×10-3 kW/kg. 
EXAMPLE –  DESIGN  OF THERMOELECTRIC GENERATOR  
As presented by Angrist, we now look at the design of a thermoelectric generator, assuming that 
the n- and p-type materials are 75% Bi2Te3 25% Bi2Se3 and 25% Bi2Te3 75% Sb2Te3 with 1.75% 
excess selenium. Note that n- and p-type behavior is accomplished with this class of alloys by 
adding mass discontinuities for carrier scattering into the anion and cation sub-lattices. The 
assumed operating conditions are: TH = 327°C (600K), TC = 273°C (300K) and ∆T = 300°C 
(300K). The mean operating temperature of the generator is 177°C (450K). The material 
properties at this temperature are given in Table 56 and taken from Appendix C in Angrist. 
Table 56 – Properties of n- and p-Type Thermoelectric Materials for Peltier Cooler 
n-Type Material p-Type Material 
75% Bi2Te3 25% Bi2Se3 25% Bi2Te3 75% Sb2Te3 + 1.75% Se 
α = –195 × 10-6 V/°C α = +230 × 10-6 V/°C 
ρ = 1.35 × 10-3 Ω-cm ρ = 1.75 × 10-3 Ω-cm 
Z = 2.05 × 10-3 K-1 Z = 2.50 × 10-3 K-1 
The thermal conductivities of the n- and p-type materials are now estimated from the properties 
in the table: 
( )
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( )
















The combined Seebeck coefficient for the n- and p-type materials is: 
166 1042510)230195( −−− °⋅×=×+=+= CVpn ααα
 
The maximum figure-of-merit for this combination of materials, with operation close to room 
temperature is: 
( )( )











= KZ  








































Given the geometric ratio for the device, and the aspect ratio for the n-type material, the aspect 





The thermal conductance is: 
( )( ) ( )( ) 1333 108.2820.1101200.11014 −−−− °⋅×=×+×=+= CWK ppnn γλγλ  
The internal resistance is: 
( ) ( ) ( ) ( ) ( ) ( ) Ω×=×+×=+= −−− 333 1076.224.1/1075.100.1/1035.1// ppnnR γργρ  
The dimensionless figure of merit is captured as: 
( ) ( ) 42.14501026.211 2/132/1* =××+=+=′ −aveopt TZm
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The external resistance is then: 
Ω×=××=×′= −− 330 1092.31076.242.1RmR opt  
The optimum current is: 
( )



















The power generated by the device is the product of the load resistance, multiplied by the square 
of the device current: 
( ) ( ) WIRP opt 44.12.191092.3 23200 =××=×= −  








The efficiency of the device is simply the ratio of the power generated by the device, divided by 
the thermal power input to the device: 
%111103.004.1344.10 ≈=== Ht qPη
  
The efficiency can also be calculated from the dimensionless figure-of-merit, which will be done 





































The dimensions of the device are now estimated. Previously, the aspect ratio of the n-type 
element in the thermoelectric generator was assumed to be one (γn=1). The length of this element 
is now arbitrarily assumed to be 1 cm (ln=1 cm), with the implicit assumption that the cross-
sectional area is one square centimeter (An=1 cm2). With these assumptions for the n-type 
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element in the device, the geometric ratio for the device (γp/γn=1.24) can now be used to estimate 
the length and cross-sectional area for the p-type device. The length of the p-type leg would also 
have to be one centimeter (lp=1cm), with the cross-sectional area being 1.24 square centimeters 
(Ap=1.24cm2). The aerial power density for the device is then (1.44)/(1+1.24) = 0.642 W/cm2. 
The maximum power output possible from this thermoelectric generator is now estimated. First, 
the current at maximum power is calculated: 
( ) ( ) ( ) ( ) ARTImp 2.231076.22300104252 36 =××××=×∆×= −−α  
As done previously in the case with the optimum current level, the power generated by the 
device is once again calculated as the product of the load resistance, multiplied by the square of 
the device current: 
( ) ( ) WIRP mp 48.12.231092.3 23200 =××=×= −  
The maximum power density is then: 
2
0 /662.024.2/48.1/ cmWAP tot ==  






























































η   
A thermoelectric generator is now designed with the maximum possible power density. The 






























Making the same assumptions regarding the n-type element, the aspect ratio for the p-type leg 
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The corresponding power generated by a device designed for maximum power density (mpd) is: 
( ) ( ) WIRP mpdmpd 42.10.221028.2 232 =××=×= −
 
The maximum power density is: 
2665.0)14.100.1/()42.1( cmWAP totmpd ⋅=+=
 
THEORETICAL FOUNDAT ION FOR PELTIER -TYPE COOLERS  
The expressions for thermoelectric refrigeration are entirely analogous to those for power 
generation and will be presented in this section. It will be shown that the COP coefficient-of-
performance of a thermoelectric cooler, which is also known as a Peltier-type cooler (βt(max)) is 






























The overall figure-of-merit for the device is defined as: 
( )










A high dimensionless figure-of-merit (Z*Tave) is required to achieve coefficients-of-performance 
(βt(max)) with thermoelectric coolers that are comparable to those possible with mechanical vapor 
compression refrigerators, with CFC-type refrigerants. As can be seen in Figure 92, with Z*Tave ~ 
3 the coefficient of performance approaches 5 at TH/TC ~ 1.06. 
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 Figure 92 – COP βt(max) as a function of Z*Tave for TH/TC ratios from 1.01 to 1.20. 
Derivation of the performance equations for a Peltier-type cooler begins with the definition of 
the coefficient of performance for the device, which is the ratio of the cooling power to the 






This is entirely analogous to the COP defined for mechanical compression refrigeration cycles 
with CFC- and HCFC-type refrigerants. The cooling power is equivalent to a Peltier cooling 
term, which is proportional to the Seebeck coefficient for the device, minus the Joule heating and 





Similarly, the voltage across the terminals of the device is the sum of voltage produced by the 




































( ββ ββ t
)
Dimensionless Figure of Merit of Device (Z*Tave)
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The power is the product of the differential voltage and the current passing through the device. 
RITIIVP 2+∆== α
 
Substituting the expressions for the cooling power (qC) and the input power (P) into the equation 



























The best performance is obtained at an optimum value of (f) and the minimum value of the 
product of the electronic resistance and the thermal conductivity (RKmin):  
( ) ( )( )22121min)( ppnnRK λρλρ +=
 
The coefficient-of-performance of a device with optimum geometry (n- and p-type materials 









The figure-of-merit of the Peltier cooler is identical to that for the thermoelectric power 
generator:
 










The optimum coeffient-of-performance for a Peltier cooler with optimum geometry is then found 
by differenting with respect to the parameter (f), setting the derivative to zero (dβt/df =0), and 
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solving for the optimum value of (f): 
 






















With determination of the optimum current level for the device, with substitution, it follows that 
























The operating voltage and power requirement at the maximum coefficient of performance (point 


































Here too the device designer may need to optimize the rate of heat pumping, by compromising 
the coefficient of performance. In this case, the maximum rate of heat pumping is found by 
taking the derivative of cooling rate (qC) with respect to the current and setting the result to zero, 




This is the current required to achieve the maximum rate of heat removal with a single-stage 
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Another limit of interest to the thermoelectric device designer is the maximum possible 
temperature difference (∆T=TH-TC) that can be maintained. If we set the heat removed from the 
cold reservoir equal to zero, the temperature difference that the thermoelectric cooler will 






Once again, the best performance is obtained at the minimum value of the product of the 
electronic resistance and the thermal conductivity (RKmin):  
( ) ( )( )22121min)( ppnnRK λρλρ +=
 
The maximum temperature that can be maintained by the device is then: 





















EXAMPLE –  DESIGN  OF PELTIER  COOLER  
A Peltier cooler design is presented, assuming that the n- and p-type materials are 75% Bi2Te3 
25% Bi2Se3 and 25% Bi2Te3 75% Sb2Te3 with 1.75% excess selenium (Angrist). Note that n- and 
p-type behavior is accomplished with this class of alloys by adding mass discontinuities for 
carrier scattering into the anion and cation sub-lattices. The assumed operating conditions are: TH 
= 327K, TC = 273K and ∆T = 54K. The material properties are given in Table 57. 
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Table 57 – Properties of n- and p-Type Thermoelectric Materials for Peltier Cooler 
n-Type Material p-Type Material 
75% Bi2Te3 25% Bi2Se3 25% Bi2Te3 75% Sb2Te3 + 1.75% Se 
α = –165 × 10-6 V/°C α = +210 × 10-6 V/°C 
ρ = 1.05 × 10-3 Ω-cm ρ = 0.98 × 10-3 Ω-cm 
Z = 2.00 × 10-3 K-1 Z = 3.50 × 10-3 K-1 
The thermal conductivities of the n- and p-type materials are now estimated from the properties 
in the table: 
( )


































































The maximum figure-of-merit for this combination of materials, with operation close to room 
temperature is: 
( )( )











= KZ  






n 1==γ  
The thermal conductance is: 
( )( ) ( )( ) 1333 102500.1101200.11013 −−−− °⋅×=×+×=+= CWK ppnn γλγλ  
The internal resistance is: 
( ) ( ) ( ) ( ) Ω×=×+×=+= −−− 333 1003.21098.01005.1// ppnnR γργρ  
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The dimensionless figure of merit is captured as: 
( ) ( ) 35.13001076.211 2/132/1* =××+=+ −aveTZ  
The optimum current is: 
( )































































The power required by a single-junction of the cooler is then defined by: 
WqP tC 35.232.0/74.0 === β  
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Chapter 11 – Nuclear Energy Option
C IV IL IAN MARIT IME 
This part of the course is not intended to teach nuclear physics, or nuclear engineering, but 
instead to give the student an appreciation for the relative specific energy a
possible with nuclear power systems, so that those performance metrics can be used as 
benchmark against which other energy conversion and storage technologies taught earlier in the 
course can be compared. 
Small modular nuclear reactors ar
relatively little mass or volume. This has led to their application in military ships and boats, 
including aircraft carriers and submarines. Nuclear powered submarines of several countries 
have now operated in the oceans of the world for nearly fifty years. 
plants have been successfully deployed onboard commercial ships. For example, compare the 
Babcock and Wilcox (B&W) pressurized water reactor (PWR) used to power the
with the power available from high
• Auto and Aircraft Engines: 100
• Civilian Ship PWR: 38 MW; 22.4 kW/kg;
The NS Savannah and NS Otto Hahn had displacements of 
had pressurized water reactors capable of producing 74 
commercial NS Savannah nuclear powered ship was built by New York Ship Building in 
Camden, New Jersey and had a 74 MW PWR built by 
from 1970-79. The NS Otto Hahn had a core volume of 35 cubic meters, and was fueled with 1.7 
metric tons of uranium enriched to 3.5 to 6.6 percent U
endurance (time between refueling o
Figure 93 – Civilian Nuclear Powered Ship
– J. C. Farmer et al.
– LLNL-MI-464396 
 
APPL ICAT IONS OF NUCLEAR ENERGY  
nd energy density 
e capable of producing immense electrical power, and require 
Other types of nuclear power 
-performance automotive and aircraft engines:
-1000 kW; 0.9-1.1 kW/kg 
 4.8-105 kWh/kg 
22,000 and 16,871 
and 38 megawatts, respectively. 
Babcock & Wilcox (B&W) and sailed 
-235. This nuclear powered ship had an 
perations) of 900 days. 
  
s: NS Savannah (left) and NS Otto Hahn (right).
 
 NS Otto Hahn 
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NS Otto Hahn Nuclear Powered Ship (1964-79)  
• Builder Howaldtswerke Deutsche Werft AG of Kiel 
• Displacement: 25,790 tons (Full); 16,871 tons (Standard) 
• Length: 164.3 m (Waterline); 172.0 m (Overall) 
• Beam: 23.4 m 
Nuclear Reactor on NS Otto Hahn 
• Deutsche Babcock & Wilcox-Dampfkesselwerke AG und Internationale Atomreaktorbau 
GmbH 
• Reactor Power: 38 MW  
• Volume: 35 m³  
• Pressure: 8.3 MPa 
• Temperature: 300°C 
• Fuel: 1.7 metric tons of 3.5-6.6% enriched uranium 
• Endurance under full load: 900 days 
• Average fuel burn-up: 23,000 MW day ton-1 
• Average thermal neutron flux: 1.1×1013 cm-2 s-1 
• Number of elements/fuel rods: 12/2810 
• Equivalent minor diameter: 1050 mm 
• Active core height: 830 mm 
• Fuel rod diameter: 11.4 mm 
• Fuel cladding: 0.8 mm of Zircaloy-4 
 
NS Savannah Nuclear Powered Ship (1970-79) 
• New York Shipbuilding, Camden, NJ 
• Displacement: 22,000 tons  
• Overall length: 596 ft (180 m) 
• Beam: 78 ft (23.8 m) 
• Load carrying capacity: 14,040 tons 
• Watertight compartments: 14  
• Loading spaces: 6 
• Complement: 124 crew, 60 passengers 
• Single propeller: 20,300 hp 
• Cruising speed: 21 knots (40 km/h)  
• Top speed: 24 knots (47 km/h) 
Nuclear Reactor on NS Savannah 
• Manufacturer: Babcock & Wilcox 
• Power: 74 MW 
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SPACE EXPLORATION  WITH NUCLEAR ENERGY  
Other reactor-driven technologies also exist, such at the SNAP 8 reactor-powered Rankin Cycle, 
which used mercury as the working fluid. Such systems may have the potential of providing vast 
amounts of energy for naval applications. 
SMALL MODULAR REACTORS  
Small modular nuclear reactors are currently being investigated for deployment at remote 
locations. The world-wide inventory of relatively small modular nuclear reactors is shown with 
their corresponding country of origin and electrical generating capacity (Table 58). 
Table 58 – Worldwide Inventory of Small Modular Reactors 
Reactor Location Power 
VK-300 Atomenergoproekt, Russia 300 MWe PWR 
CAREM CNEA & INVAP, Argentina 27 MWe PWR 
KLT-40 OKBM, Russia 35 MWe PWR 
MRX JAERI, Japan 30-100 MWe PWR 
IRIS-100 Westinghouse-led, international 100 MWe PWR 
B&W mPower Babcock & Wilcox, USA 125 MWe PWR 
SMART KAERI, S. Korea 100 MWe PWR 
NP-300 Technicatome (Areva), France 100-300 MWe PWR 
HTR-PM INET & Huaneng, China 105 MWe HTR 
PBMR Eskom, South Africa, 165 MWe HTR 
GT-MHR General Atomics (USA), Minatom (Russia) et al  280 MWe HTR 
BREST RDIPE (Russia)   300 MWe LMR 
FUJI ITHMSO, Japan-Russia-USA  100 MWe MSR 
The mPowerTM reactor being developed by Babcock and Wilcox (B$W) of Lynchburg, Virginia 
is discussed in a front-page article of the Wall Street Journal [Smith 2010], and leverages a long 
history of success with earlier designs. This small PWR is shown in Figures 94 through 96, has a 
power of 125 megawatts, a coolant temperature and pressure of 620°F (600K) and 2000 psi (14 
MPa), and a steam pressure of 1000 psi (7 MPa). It has a volume of 158 cubic meters and a 
weight of 500 metric tons. It is fueled with uranium enriched to 7.0 percent U-235. This modular 
reactor has been designed to have an endurance of 1,825 days (time between refueling 
operations). This system also has extremely high specific power, power density, specific energy 
and energy density: 250 W/kg, 792 W/L, 10,950,000 Wh/kg, and 34,672,967 Wh/L, respectively. 
Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
244 | P a g e  
 
 
Figure 94 – The B&W mPowerTM reactor, with its scalable, modular design, has the capacity to 
provide 125 MWe to 750 MWe or more for a five-year operating cycle without refueling, and is 
designed to produce clean, near-zero emission operations. This PWR is very similar in design to 
that used for the NS Savannah 
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Figure 95 – A single B&W mPower™ module inside its own independent, underground 
containment 
 
Figure 96 – Four B&W mPower™ nuclear reactors configured as a 500 megawatt nuclear power 
plant 
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WORLDWIDE AVAILABIL ITY OF CONVENT IONAL NUCLEAR POWER PLANTS  
Globally, nuclear power plants driven by uranium fission generate approximately 804 TWh per 
year. The inventory of operating nuclear reactors world-wide, broken down into global regions 
including Western Europe, Eastern Europe, North America, Asia, and Africa is summarized in 
Table 59. At the present time, there are more than 441 light water reactors (LWRs) worldwide, 
with a total generating capacity of 358.7 GWe [Fukuda]. In regard to the operation of nuclear 
power plants, the largest costs have been associated with the annualized construction costs, 
followed by operations and maintenance, as shown in Table 60 and Figure 97. The cost of spent 
nuclear fuel disposal and the cost of disposing of other high-level wastes generated during fuel 
production have been kept artificially low. 
To provide the student with a quantitative understanding of the differences between pressurized 
water reactor (PWR) and boiling water reactor (BWR) technology, the characteristics of typical 
fuel assemblies for boiling water reactors, and pressurized water reactors are summarized in 
Table 61. The core of a typical PWR incorporates 86.8 metric tons of uranium metal, while the 
core of a typical BWR uses 136.9 metric tons of uranium metal. The power density of a typical 
PWR core is approximately 98kW/L, which is larger than that of a typical BWR core, which has 
a power density of 54kW/L. The power density of a nuclear reactor core is two orders of 
magnitude greater than the most energy dense rechargeable battery. However, if the power is 
normalized by the volume of the pressure vessel, instead of the core volume, the power density 
of a typical PWR and BWR are comparable, and approximately 1.088 and 1.086 kW/L, 
respectively. While there are differences in the specific energy of the two types of reactors, with 
the PWR and BWR providing 768,000 and 681,600 kWh/kg, respectively. 
Table 59 – Worldwide Inventory of Nuclear Reactors and Spent Nuclear Fuel (SNF) 










NERegions Reactors Total Capacity Reactors Total Capacity Total 
  Number GWe Number GWe t HM 
West Europe 146 125.7 0.0 0.0 36,100 
East Europe 67 46.1 10.0 8.0 27,700 
America 124 112.4 1.0 0.7 83,300 
Asia & Africa 104 74.5 22.0 18.4 23,900 
World 441 358.7 33.0 27.1 171,000 
Source – K. Fukuda, W. Danker, J. S. Lee, A. Bonne, M. J. Crijns, IAEA Overview of Global 
Spent Fuel Storage, IAEA-CN-102/60, Department of Energy, International Atomic Energy 
Agency, Vienna, Austria, Table I & II. 
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Table 60 – Costs Associated with Operation of Nuclear Power Plants 
 Cost % $/yr 
Uranium Ore 3.83 1.1 
Conversion, Enrichment, Fuel Fabrication 6.27 1.8 
NPP Construction Annualized 61.67 17.7 
NPP Operations and Maintenance 14.61 6.8 
Reactor Decommissioning Fund 34.84 0.1 
Interim On-Site Storage of Spent Fuel 1.39 0.4 
Spent Fuel Repository Fund 2.79 0.8 
Total 100.00 28.7 
 
Figure 97 – Historically, the largest cost for nuclear energy have been associated with the 
annualized construction costs, followed by operations and maintenance. The cost of spent 
nuclear fuel disposal and the cost of disposing of other high-level wastes generated during fuel 
production have been kept artificially low [Reference: Bacon] 
  
Uranium Ore 
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Table 61 – Characteristics of Typical Pressurized & Boiling Water Reactors 
Characteristics of Typical Reactors PWR BWR Units 
Core Thermal Power 3411 3579 MWth 
Plant Efficiency 32% 34% percent 
Plant Electrical Output 1100 1220 MWe 
Core Diameter 134 193 inches 
  3.4 4.9 meters 
Core or Fuel Rod Active Length 144 150 inches 
  3.7 3.8 meters 
Core Weight 276,000 524,000 pounds 
  125,304,000 237,896,000 grams 
Core Power Density 98 54 kW/L 
  98,000 54,000 W/L 
Cladding Material Zircaloy-4 Zircaloy-2 composition 
Cladding Diameter 0.422 0.483 inches 
  1.07 1.23 centimeters 
Cladding Thickness 0.024 0.032 inches 
  0.06 0.81 centimeters 
Fuel Material UO2 UO2 composition 
Pellet Diameter 0.37 0.41 inches 
  0.9 1.04 centimeters 
Pellet Height 0.6 0.41 inches 
  1.5 1.04 centimeters 
Array 15 x 15 8 x 8   
Number of Assemblies 193 748   
Total Number of Fuel Rods 39372 46376   
Control Rod Type B4C or Ag-In-Cd Cruciform description 
Control Rod Assemblies 60   assembly/reactor 
Control Rods Per Control Assembly 20   rods/assembly 
Control Rods Per Reactor 1,200 177 rods/reactor 
Total Amount of Fuel (UO2) 217,000 342,000 pounds 
  98,518,000 155,268,000 grams 
Fuel Power Density 38   MW/Te 
Fuel/Coolant Ratio 1/4.1 1/2.7 (BO) & 1/2.5 (BI) 
 
Coolant Liquid Water Two-Phase Water description 
Total Coolant Flow Rate 1.36×108 1.04×108 pounds/hour 
  1.72×107 1.31×107 grams/second 
Core Coolant Velocity 15.5   feet/second 
  4.7   meters/second 
Coolant Pressure 2,250 1,040 psi 
  15.5 7.0 MPa 
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Inlet Temperature - Full Power 552 551 °F 
  289 288 °C 
Outlet Temperature 617 420 °F 
  325 216 °C 
Ave Coolant Exit Quality (% Steam)   14.7 % steam 
Nominal Cladding Temperature 657 579 °F 
  347 304 °C 
Nominal Fuel Central Temperature 4140 3330 °F 
  2282 1832 °C 
Radial Peaking Factor (See Note) 1.5     
Axial Peaking Factor (See Note) 1.7 1.4   
Design Fuel Burnup (See Note) 32,000 28,400 MWd/T 
Design Fresh Fuel Assay 3.2% 2.8% U235 
Design Spent Fuel Assay 0.9% 0.8% U235 
Design Spent Fuel Assay 0.6% 0.6% Pu239, Pu241 
Refueling Sequence 1/3 fuel per year 1/3 fuel per 18 months nominal 
Time Between Refueling 8,760 13,140 hours 
Refueling Time 17 days 188 hours nominal 
Refueling Time 408 188 hours 
Fuel Per Unit Time 3.304482214 3.471990529 kg/hr 
Vessel Wall Thickness - Minimum 5.70 5.70 inches 
Vessel Wall Thickness - Maximum 6.46 6.46 inches 
Vessel Wall Thickness - Minimum 14.50 14.50 centimeters 
Vessel Wall Thickness - Maximum 16.40 16.40 centimeters 
Vessel Diameter – Inside 19.83 19.83 feet 
Vessel Diameter – Inside 6.00 6.00 meters 
Vessel Height 71.00 71.00 feet 
Vessel Height 22.00 22.00 meters 
Vessel & Head Weight 1,950,000 1,950,000 pounds 
Vessel & Head Weight 885,300 885,300 kilograms 
Thermal Power 3411 3579 MW-thermal 
Electrical Power 1100 1220 MW-electrical 
Efficiency 32% 34% percent 
Core Weight 125,304 237,896 kg 
Vessel Weight 885,300 885,300 kg 
Steam Cycle Weight 0 0 kg 
Total Weight 1,010,604 1,123,196 kg 
Core Volume 84,738 142,093 L 
Vessel Volume 47,866,791 47,866,791 L 
Steam Cycle Volume 0 0 L 
Total Volume 47,866,791 47,866,791 L 
Fuel Burn-up 32,000 28,400 MWd/ton 
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Uranium Dioxide Weight 98,518 155,268 kg 
Uranium Metal Weight 86,842 136,866 kg 
Uranium Dioxide Weight 98.52 155.27 tons 
Uranium Metal Weight 86.84 136.87 tons 
Energy Contained in Core 66,694,496,711,1001193,287,774,720,000 Wh 
Specific Energy 65,994,689 83,055,651 Wh/kg 
Energy Density 1,393,335 1,948,904 Wh/L 
Specific Power 1,088 1,086 W/kg 
Power Density 23 25 W/L 
Tables Table 5.1, p. 81 Table 6.1, p. 97   
Reference: Anthony V. Nero, Jr., A Guidebook to Nuclear Reactors, University of California Press, Ltd, 
London, England, 1979, p. 81, 97. 
Source – Radial Peaking Factor is Radial Variation in Power Density; Axial Peaking Factor is 
Axial Variation in Power Density; MWd/T is megawatt-days per ton of heavy metal uranium. 
Reference: Anthony V. Nero, Jr., A Guidebook to Nuclear Reactors, University of California 
Press, Ltd, London, England, 1979, p. 81, 97. 
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D ISPOSIT ION  OF SPENT F ISSION FUEL &  H IGH  LEVEL WASTE REMAINS UNRESOLVED  
Nuclear power plants driven by uranium fission generate approximately 804 TWh per year. At 
the present time, there are more than 441 light water reactors (LWRs) worldwide, with a total 
generating capacity of 358.7 GWe [Fukuda]. These reactors have generated more than 171,000 
metric tons of spent nuclear fuel that must be stored at reactor sites, reprocessed, or ultimately 
disposed of in geologic repositories. The inventory of spent nuclear fuel from nuclear reactor 
operations being stored world-wide is shown in Table 62, broken down into global regions 
including: West Europe; East Europe; America (North America); and Asia and Africa [Fukuda]. 
In the United States alone, there are 103 aging plants, with no actual new licenses for plant 
construction on the horizon. Furthermore, there is more than 77,000 metric tons of problematic 
nuclear waste stored above ground, with no hopes of constructing and licensing a high-level 
waste repository in the foreseeable future. Since passage of the Nuclear Waste Policy Act 
(NWPA) in 1983, the Nation’s strategy for dealing with both spent nuclear fuel and high-level 
radioactive waste involved burial in a deep geological repository, with three potential sites being 
considered; one near Hanford, Washington; a second in Deaf Smith County, Texas; and a third at 
Yucca Mountain, Nevada. The NWPA was amended in 1987 with the sole emphasis placed on 
characterization of the Yucca Mountain site, which is located on the Nation’s Nuclear Test Site 
(NTS), which is approximately 90 miles west of Las Vegas. The future of Yucca Mountain is 
still uncertain, though Site Recommendation has recently been accomplished, making continued 
above ground storage necessary.   
The reprocessing of spent nuclear fuel to enable the extraction of additional energy from this rich 
energy source, has until recently been considered politically unacceptable. Reprocessing of spent 
nuclear fuel has been considered undesirable since the Jimmy Carter era since it has been 
believed in many circles that it poses the threat of proliferation, due to the possible diversion of 
weapons grade material from such processes. 
In regard to funding to solve these problems, while more than $500 million was invested in 
nuclear energy research 1981, less than $2 million was invested in 1998. While the level of 
investment increased to approximately $47 million in 2001, it remained at a level far below the 
1981 investment. The investment in nuclear energy languishes today. 
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Table 62 – Worldwide inventory of spent nuclear fuel, given kilotons of heavy metal uranium. Not surprisingly, the United States has 
the largest inventory of spent nuclear fuel, followed by western Europe, Eastern Europe, and Asia. 
Worldwide Spent Nuclear Fuel Invetory & Storage Capacity 

















Regions Total AR AFR Wet AFR Dry Total 
Excess 
Capacity AFR Wet AFR Dry Total 
  kt HM kt HM kt HM kt HM kt HM kt HM kt HM kt HM kt HM 
West Europe 36.1 28.3 32.3 11.3 71.8 35.7 3.0 1.0 4.0 
East Europe 27.7 11.9 20.8 1.5 34.2 6.5 3.0 8.9 11.9 
America 83.3 94.7 1.7 8.5 104.8 21.5 0.0 6.8 6.8 
Asia & Africa 23.9 27.9 3.3 1.7 33.0 9.1 0.5 0.8 1.3 
World 171.0 162.8 58.1 23.0 243.8 72.8 6.5 17.5 24.0 
                    
Source Table II TableIII Table III Table III Table III Table III Table IV Table IV Table IV 
Source – K. Fukuda, W. Danker, J. S. Lee, A. Bonne, M. J. Crijns, IAEA Overview of Global Spent Fuel Storage, IAEA-CN-102/60, 
Department of Energy, International Atomic Energy Agency, Vienna, Austria, Tables II, III & IV. 
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Table 63 – Domestic inventory of spent nuclear fuel, including BWRs, PWRs, HTGRs, ship reactors, and research reactors. The spent 













































































































































































































































































Current Commercial BWR 8x8 Reactor Site 41 10,809 35.98 35.23 411 59,418 145 364 0.182 26.299 
Future 
    
19,873 35.08 64.77 1,872 110,257 59 360 0.180 10.616 
Total 
    
30,682 35.39 100.00 2,283 169,675 74 362 0.181 13.439 
Current Commercial PWR 17x17 Reactor Site 78 19,149 63.74 34.24 843 44,602 53 859 0.430 22.715 
Future 
    
36,782 64.92 65.76 3,552 84,915 24 866 0.433 10.355 
Total 
    
55,931 64.51 100.00 4,395 129,517 29 864 0.432 12.726 
Current Other HTGR 
  
24 0.08 100.00 6 2,208 368 22 0.011 4.000 
Future 
    
0 0.00 0.00 0 0 NA 22 0.011 NA 
Total 
    
24 0.03 100.00 6 2,208 368 22 0.011 4.000 
Current Other RSC 
  
3 0.01 100.00 32 72 2 89 0.045 6.1806E-04 
Future 
    
0 0.00 0.00 0 0 NA 89 0.045 NA 
Total 
    
3 0.00 100.00 32 72 2 89 0.045 6.1806E-04 
Current Other Misc 
  
59 0.20 100.00 3 0 NA NA NA 19.667 
Future 
    
0 0.00 0.00 0 0 NA NA NA NA 
Total 
    
59 0.07 100.00 3 0 NA NA NA 19.667 
Current Other Total 
 
119 30,044 100.00 34.65 1,295 106,300 82 NA NA NA 
Future 
    
56,655 100.00 65.35 5,424 195,172 36 NA NA NA 
Total 
    
86,699 100.00 100.00 6,719 301,472 45 NA NA NA 
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Table 64 – Domestic inventory of spent nuclear fuel from the high temperature gas reactor 













































Other HTGR SNF Fort St. Vrain 86 100.00  
Ship Propulsion Naval Reactors Idaho 10.2 100.00  
Defense Production   Hanford N&K Hanford 2,100.0 93.33  
Defense Production   Savannah River Savannah River 150.0 6.67  
Defense Production   Total   2,250.0 100.00  
Research Reactors Idaho Idaho 263.9 68.17  
Research Reactors Savannah River Savannah River 56.3 14.54  
Research Reactors Hanford Hanford 32.4 8.37  
Research Reactors Oak Ridge Oak Ridge 1.8 0.46  
Research Reactors General Atomics San Diego 3.2 0.83  
Research Reactors PNL, SNL, LANL, ANL Distributed 2.3 0.59  
Research Reactors Universities Distributed 5.5 1.42 
Research Reactors Foreign Reactors Distributed 21.7 5.61 
Research Reactors   387.1 100.00 
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NUCLEAR ENERGY ’S SAFETY CHALLENGES  
Nuclear power is unrivaled in terms of its ability to provide immense amounts of power in small 
volumes with a minimum of mass. For this reason, nuclear energy has now been used to power 
many of the Nation’s aircraft carriers, destroyers, and submarines for several decades. It was also 
deployed on civilian ships in the 1970’s, without incident.  
Of course, two notable incidents, Chernobyl in the former Soviet Union, and Three-Mile Island 
(TMI) in the United States, have cast a shadow of doubt on the entire nuclear power industry. 
The accident at Chernobyl resulted in a melt-down of the core, with the release of substantial 
amounts of radioactivity to the surrounding area, with fifty immediate deaths directly attributable 
to the accident, and another 4,000 possible cancer-related death among the 600,000 people who 
were exposed. The incident at TMI was caused far less death and destruction than Chernobyl, but 
proved that the U.S. nuclear power industry was also vulnerable to such accidents. 
The TMI plant accident occurred at approximately 4:00 AM on Wednesday, March 28th 1979, 
and involved a B&W pressurized water reactor (PWR). The failure started in the non-nuclear 
secondary system, with the failure of a pilot-operated relieve valve (PORV). The sequence of 
events led to the loss of coolant for the reactor, which was further exacerbated human factors, 
which were attributed to inadequate training by the Kemeny Commission Report. Fortunately, 
there was no perceptible of this failure on human cancer in the surrounding area.  
The Chernobyl plant accident occurred on April 26th, 1986, and was far more severe. This 
facility is located the former Ukranian Socialist Republic, which was part of the former Soviet 
Union. This accident is the only Level 7 Incident on the International Nuclear Event Scale, 
established by the International Atomic Energy Agency. This reactor had 1,600 individual fuel 
channels, with each operational channel requiring approximately 28 metric tons of water per 
hour (28,000 liters per hour). Even though each coolant pump in the plant had three diesel 
generator backups, the generators required 15 seconds for startup, and another 60 to 75 seconds 
to reach full speed and operational capacity. At the time of the accident, this reactor had already 
operated for two years without the ability to ride through the first 60 to 70 seconds of a power 
outage. Soviet engineers had determined that it might be possible to use electricity from the 
plants turbines during spin-down to provide enough power to maintain operation of the coolant 
pumps during the 60 to 75 seconds of a power outage (emergency core cooling feature). During 
the period leading up to the accident, several failed operational experiments had been conducted 
to test this concept. On the tragic day of the accident, another such test was underway. Vibration-
induced fatigue failure of oil lines supplying the turbines may have also occurred, the release of 
flammable oil also occurred. Several firefighters lost their life, trying to drop neutron absorber 
into the burning reactor control, to bring it under control. There is heart breaking film footage of 
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several incredibly heroic nuclear scientists and engineers, crawling up underneath the reactor 
close to the infamous “elephants foot” formation from the melted core, receiving lethal doses of 
radiation during their efforts to identify the extent of the problem, and to determine the best 
future course of action. During the core meltdown, a large plume of radioactive material was 
released into the atmosphere, with approximately 60% of the fallout occurring in Belarus. There 
were 50 direct deaths attributed to the accident, with 9 of these being children dying of thyroid 
cancer. It has been estimated that there might be another 4,000 additional cancer deaths among 
the 600,000 of the most highly exposed people near the reactor. This nuclear power plant 
accident resulted in the evacuation and resettlement of 336,000 people. 
In terms of statistics, these two accidents represent the catastrophic failure of 2 out of 441 
operational nuclear reactors worldwide. Therefore, the rate of failure is approximately one-half 
of one percent (0.4535%) during the decades-long history of nuclear power. Assuming that each 
of the operating 441 nuclear power reactors throughout the world has the potential of exposing 
600,000 people, a total of 2.7 million people throughout the world might live close enough to 
operating nuclear reactors to be at some level of risk, though the risk is extremely low. The risk 
for a remote sub-surface installation would be substantially less, with the scenario during any 
catastrophic incident involving the transport of radioactivity from the failed reactor on the ocean 
floor by ocean currents at a rate of approximately 0.5 meters per second. Furthermore, the ocean 
floor would provide a very large heat sink in such cases. It is noteworthy that at one point, deep 
ocean disposal of spent nuclear fuel was being considered. 
Nuclear systems operating remotely on the ocean floor, or in deep space, require special 
engineering to eliminate to the extent possible moving mechanical parts that can fail. The 
advanced boiling water reactors (ABWRs) and advanced pressurized water reactors (APWRs) 
have strived to dramatically improve reliability and safety by designing systems where cooling is 
provided by natural convection, without the need for coolant pumps that can fail with Chernobyl-
like events. Any newly deployed PWR should use convective cooling, and the elimination of 
cooling pumps. The moving parts associated with the steam turbine in a conventional Rankin 
cycle could be eliminated by using the circulating coolant to heat thermoelectric generators, with 
the direct solid-state conversion of heat to electricity. However, the reactor would have to be 
over sized to account for the relatively low thermal-to-electric efficiency of today’s 
thermoelectric generators (approximately 10%). 
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NUCLEAR FUSION  
Controlled nuclear fusion on Earth has been pursued for the better part of the past century as a 
means of providing limitless clean energy for humanity.  In a fusion reactor, tritium and 
deuterium are fused to produce helium, high energy neutrons and energy: 
MeVnHeDT 6.1710422131 ++→+  
The energy imparted to the neutron in the D-T reaction is approximately 14 MeV, which is 
sufficient to make the neutron relativisitic [Equation 4.13, Foster & Wright 1973]. It is necessary 
to produce (breed) tritium in the fusion reactor to make the process self sustaining. When fusion 
neutrons enter a lithium-containing coolant (or liquid fuel), they react with 6Li to produce 3T 
which can be separated, stored, and eventually fed back to the fusion reactor. The lithium 









3 +→→+  
Natural lithium consists of 92.58% 7Li and 7.42% 6Li. According to the published literature, 
natural lithium has an absorption cross-section for thermal neutrons of approximately 70b, while 
7Li has a neutron absorption cross-section of approximately 0.033b. The transmutation of 6Li+ in 
the FLIBE produces 3T+, which is very corrosive. 
The United States and international partners have made large investments in two of the most 
promising nuclear fusion options, inertial confinement fusion (National Ignition Facility – NIF) 
and magnetic fusion (International Test and Evaluation Reactor - ITER).  Despite these large 
investments, no fusion power plant is yet available, and none are on the horizon.  Issues 
pertaining to the nuclear energy option are summarized below. 
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Chapter 12 – Future Sources of Energy 
Fossil fuel is used to generate approximately 2,068 TWh per year. The United States’ long-term 
reliance on fossil fuels supplied by the Middle East and Africa continues to threaten national 
security.  Furthermore, the extraction of energy from coal, oil and gas produces green house 
gases that contribute to global warming and continue to involve the United States in international 
controversy.  By using these valuable resources as fuels, a crucial feedstock for the synthesis of 
advanced materials crucial to the standard of living of future generations of Americans is 
squandered.  Petroleum reserves are essential for the manufacture of polymers, specialty 
chemicals and pharmaceutics, and are far too valuable to burn.  A sustainable and independent 
energy infrastructure for the United States is essential. Problems associated with fossil fuel 
energy production include the reliance on oil fields in the Middle East, and global warming 
through production of greenhouse gases. 
Coal and other sources of carbon can be converted into a relatively clean-burning gaseous fuel in 
either fixed- or fluidized-bed gasifiers. For example, when carbon is heated to 350-1000°C in the 
absence of air, volatile products are formed, leaving a carbon residue known as coke. The 
volatiles from this process consist of coal gas, and upon condensation, coal tar. Coal gas is 
typically a mixture of hydrogen, methane, ethane, ammonia, carbon monoxide, carbon dioxide, 
and hydrogen sulfide. Coal tar is a mixture of benzene, toluene, xylene, phenol, pyridine, 
naphthalene, methyl-naphthalenes, cresols, quinoline, anthracene and carbazole. The Fischer-
Tropsch process can be used to convert carbon monoxide to hydrocarbons at high temperature 
and high pressure, in the presence of an appropriate catalyst (a classical example being ThO2). 
Worldwide consumption of energy from 1990 and projected to 2030, given in quadrillion BTUs 
per year (Quads), with the individual consumption of the United States, Europe, Japan and China 
is given in Table 65 and Figure 98. Today the United States consumes more energy than any 
other country. However, by 2030 China is projected to be the largest consumer of energy. The 
worldwide requirement for energy from 1990 and projected to 2030 with specific contributions 
due to oil, gas, coal, and nuclear is shown in Table 66 and Figure 99. The leading source of 
energy over the entire period extending from 1990 through 2010 is oil, followed by coal and 
natural gas, with contributions by nuclear being a distant fourth. Without growth in nuclear 
energy, the gap between fossil energy and nuclear will widen even more by 2030. 
Worldwide generation of carbon dioxide due to energy production from 1990 to present, and 
then projected to 2030, with specific contributions of the United States, Europe, Japan and China 
shown is shown in Figure 100 and Table 67. While the United States is the greatest offender 
today, by 2030 China will contribute more carbon dioxide to the atmosphere than any other 
country.  
  
Naval Postgraduate School – Mechanical & Aerospace Engineering – J. C. Farmer et al. 
ME4901 – Special Topics in Energy Conversion & Storage – LLNL-MI-464396 
 
259 | P a g e  
 
Table 65 – Worldwide Consumption of Energy 1990-2030 
Year World Consumption of Energy 
  Quad Quad Quad Quad Quad 
  World US Europe Japan China 
1990 347.3 84.6 69.9 18.4 27.0 
2002 410.3 98.1 77.9 22.2 42.1 
2003 420.7 98.1 78.9 22.4 45.5 
2010 509.7 107.9 84.1 22.7 77.0 
2015 563.4 114.2 87.2 23.4 91.8 
2020 613.0 120.6 88.7 23.6 106.6 
2025 665.4 127.0 91.3 24.0 121.7 
2030 721.6 133.9 94.5 24.3 139.1 
Source – International Energy Outlook 2006, Energy Information Administration, DOE/EIA-
0484, June 2006, Appendix A, Reference Case Projections, pp. 81-97. 
Table 66 – Contributions of Oil, Gas, Coal and Nuclear to Worldwide Energy Need 1990-2030 
Year World Sources of Energy 
  Quad Quad Quad Quad Quad 
  World Oil Gas Coal Nuclear 
1990 347.3 136.1 75.2 89.4 20.4 
2002 410.3 158.7 95.9 96.8 26.7 
2003 420.7 162.1 99.1 100.4 26.5 
2010 509.7 185.6 121.1 128.8 28.9 
2015 563.4 199.1 139.8 144.4 31.0 
2020 613.0 210.8 156.1 160.1 32.9 
2025 665.4 224.3 172.5 176.7 34.0 
2030 721.6 239.1 189.9 195.5 34.7 
Reference – International Energy Outlook 2006, Energy Information Administration, DOE/EIA-
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Figure 98 – Worldwide Energy Consumption 1990-2030 
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Table 67 – Worldwide CO2 Generation from Energy Production 1990-2030 












  World US Europe Japan China 
1990 21,223 4,978 4,089 1,011 2,241 
2002 24,314 5,748 4,203 1,191 3,273 
2003 25,028 5,796 4,264 1,206 3,541 
2010 30,362 6,365 4,474 1,200 5,857 
2015 33,663 6,718 4,632 1,228 7,000 
2020 36,748 7,119 4,741 1,218 8,159 
2025 40,045 7,587 4,909 1,214 9,349 
2030 43,676 8,115 5,123 1,219 10,716 
Reference – International Energy Outlook 2006, Energy Information Administration, DOE/EIA-
0484, June 2006, Appendix A, Reference Case Projections, pp. 81-97. 
 
Figure 100 – Worldwide CO2 Generation from Energy Production 1990-2030 
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At this point in time, the rate of CO2 generation is directly proportional to the energy produced, 
since most of the energy produced today comes from burning fossil fuels. Coal and gas both 
produce very large quantities of carbon dioxide, for every kilowatt hour produced. For example, 
power plants fueled directly with coal produce 846 g-CO2/kWh, power plants fueled with gas 
produced through the gasification of coal produce 720 g-CO2/kWh, and power plants fueled with 
natural gas produce 315 g-CO2/kWh (Table 68). The beneficial effect of nuclear energy on the 
minimization of Green House Gas is obvious. 
Table 68 – Solid and Atmospheric Wastes from Generation of Electricity 
 Coal Oil Gas Nuclear 
Solid Waste (metric tons) 230,000 16,000 0 77 
Atmospheric Waste (metric tons) 7,503,400 5,002,400 3,500,000 0 
Carbon Dioxide (g-CO2/kWh) 846  315 0 
Cost ($ per kW)   500 1,600 
Future Availability 300 years 30 years 30 years unknown 
The worldwide electrical generating capacity from nuclear power plants from 1990, and 
projected through 2030, is shown in Table 69 and Figure 101. The United States obtains less than 
20% of its electricity from nuclear power plants, while France obtains more than 80% from such 
sources, which is reflected in the table below. At the present time, Europe leads the United States 
in the generation of electricity from nuclear power plants, with China being a distant fourth. 
However, there is tremendous growth in nuclear power generation in China, with the expectation 
that China will have as much nuclear generating capacity as the United States towards the end of 
this century.  
The total cost for yellow cake uranium necessary for the production of nuclear fuel is expected to 
escalate with the need for energy, as shown in Table 70. Assuming that each of the Nation’s 
nuclear reactors will require approximately 200 tons per year, and that the cost of yellow cake is 
approximately $25 per pound, the annual cost within the United States will be nearly $1.5 billion 
by 2030. 
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Table 69 – Worldwide Electrical Generating Capacity from Nuclear Power Plants 1990-2030 
Year World Generation of Nuclear Energy 
  B kWh B kWh B kWh B kWh B kWh 
  World US Europe Japan China 
1990 1909 577 743 192 0 
2002 2546 780 923 280 25 
2003 2523 764 930 237 42 
2010 2739 809 896 274 79 
2015 2940 829 877 289 130 
2020 3122 871 807 318 171 
2025 3233 871 748 350 230 
2030 3299 871 707 371 304 
 
Figure 101 – Worldwide electrical generating capacity from nuclear power plants from 1990. 
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Table 70 – The total cost for yellow cake uranium necessary for the production of nuclear fuel is 
expected to escalate with the need for energy. Assuming that each of the Nation’s nuclear 
reactors will require approximately 200 tons per year, and that the cost of yellow cake is 
approximately $25 per pound, the annual cost within the United States will be nearly $1.5 billion 
by 2030. 
Year Uranium Costs Assuming 200 tons/yr & $25/lb U3O8 
  $ $ $ $ $ 
  World US Europe Japan China 
1990 3,268,835,616 988,013,699 1,272,260,274 328,767,123 0 
2002 4,359,589,041 1,335,616,438 1,580,479,452 479,452,055 42,808,219 
2003 4,320,205,479 1,308,219,178 1,592,465,753 405,821,918 71,917,808 
2010 4,690,068,493 1,385,273,973 1,534,246,575 469,178,082 135,273,973 
2015 5,034,246,575 1,419,520,548 1,501,712,329 494,863,014 222,602,740 
2020 5,345,890,411 1,491,438,356 1,381,849,315 544,520,548 292,808,219 
2025 5,535,958,904 1,491,438,356 1,280,821,918 599,315,068 393,835,616 
2030 5,648,972,603 1,491,438,356 1,210,616,438 635,273,973 520,547,945 
  
Figure 1.6 – The worldwide demand for uranium is expected to rise in coming years, with the 
greatest increase in demand occurring in China.  
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Chapter 13 – Other Design Considerations 
DESIGN  OF  PRESSURE VESSELS FOR HOUSING SYSTEMS AT  DEPTH  
Any required pressure housing also degrades specific energy, energy density, specific power and 
power density. The following semi-empirical relationships have been developed to predict the 
critical pressure for ring-stiffened cylindrical vessels, designed to enclose the hybrid energy 
conversion and storage system, and capable of withstanding external pressurization at a 
particular sites depth. The equation for the buckling pressure is: 
( )321 nZZZSP yCR −=  
The parameter Sy is the yield strength of the material, n (=e/t) is the ratio of radial deviation to 





















The parameter m (=r/t) is the ratio of the mean radius to the thickness, k (=t/h) is the thickness to 
length ratio, and φ (=E/Sy) is the inverse strain parameter. 
100
0 mn ≤≤  
10010 ≤≤ m  
20000010 .k. ≤≤  
1000100 ≤≤ φ  
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Economic Considerations 
CAPITAL  INVESTMENT AT  COMMENCEMENT  OF COMMERCIAL  OPERATIONS  
The cost to field such hybrid systems, which will have to operate at sea for several decades, is 
likely to be an issue. Therefore, a formalized methodology must be developed for estimating the 
energy-normalized costs, which is presented here. 
In regard to the hybrid power systems, the total cost of an energy conversion system is estimated 
from the total power for the site, and the power-specific cost (PSCEC): 
ECSiteEC PSCPowerCost ×=  
The total cost of an energy conversion system is estimated from the total power for the site, and 
the power-specific cost (ESCES): 
ESSiteEC ESCPowerCost ×=  
The cost for the pressure vessel is calculated from the total weight of the vessel (WPV) is 
calculated with the following generalized expression [Peters et al.]: 
( ) PVVPPVPV WACost α×=  
The constants APV ≈ 73 $/kg-steel and αPV ≈ -0.34 are materials-specific constants for steel, and 
BPV ≈ 11 $-titanium/$-steel is an allowance factor used to account for more expensive materials 
of construction, such as titanium-based alloys. It is assumed that a protective steel hull structure 
is built around the pressure vessel, with a weight roughly equivalent to the weight of the pressure 
vessel, and with a cost factors provided by the oil and gas industry: 
( ) ( ) hullVPhullVPPVPVtotalPV DWCWBACost PV +×+××=− α  
Typical hull cost parameters are: Chull ≈ $8/kg-steel and Dhull ≈ $15 million. The volume of the 
flotation tank is designed to enable enough water displacement to float the entire hybrid power 
system, accounting for the weights of the energy conversion device, the energy storage device, 
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the pressure vessels, and the flotation tank. The wall thickness of the flotation tank is designed to 
prevent collapse at depth, using the same critical wall thickness formulae used to design the 
pressure vessels. Furthermore, the same cost correlation is used to estimate the cost of the 
flotation tank. 
( ) FTFTFTFT WACost α×=  
A protective hull structure is also assumed around the flotation tanks. 
( ) ( ) hullFThullFTFTFTtotalFT DWCWBACost FT +×+××=− α  
The total direct cost (Costdirect) for the energy conversion and storage components, the pressure 
vessel, the flotation tanks, and the protective hulls is calculated as follows: 
totalFTtotalPVESECdirect CostCostCostCostCost −− +++=  
Indirect cost factors (IDFs) are applied to the total direct cost to account for indirect costs, 
including: (1) construction services ≈ 10 percent; (2) home office engineering and services ≈ 7 
percent; (3) field office engineering and services ≈ 5 percent; (4) owner's costs ≈ 13 percent; and 
(5) non-NRC licensing and permitting ≈ 1 percent.  
∑×=
i
idirectindirect IDFCostCost  
A contingency allowance of ∼10% and an allowance for miscellaneous costs ∼1% are included to 



















idirectovernight AFIDFCostCost 11  
A construction escalation allowance of ∼5% and an allowance for interest of ∼5% are included to 
calculate the cost at the commencement of commercial operations. These are accounted for in the 
allowance factors (EFs). 
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idirecttotal EFAFIDFCostCost 111  
ANNUALIZED COST  AT  COMMENCEMENT OF COMMERCIAL OPERATIONS  
The annualized cost at the commencement of commercial operations is calculated by applying 
the annuity present worth factor to the total direct and indirect costs (APF ≈ 9.63% at an 
optimistic discount rate of approximately 5%, which is customary for projects of relatively low 
risk). In regard to the calculation of the annualized costs, the compound interest factor (fi) is: 
( )ni if += 1  





The annuity future worth factor (fAF) is: 




The parameter i is the interest rate, the parameter n is the number of payment periods, A is the 
annuity, or annualized cost, and the parameter F is the future worth of the money. The annuity 













The parameter P is the present value of the money. Using this formularization, the total 
annualized cost (A ≈ Costannualized) is then calculated from the cost at the commencement of 
commercial operations (Costtotal) as follows: 
APtotalannualized fCostCost ×=  
ANNUAL OPERAT ING EXPENSE  
Several contributions to annual operating and maintenance costs are accounted for by applying 
appropriate factors to the annualized cost at the commencement of commercial operations. These 
contributions include: (1) chemicals, materials and utilities ≈ 10 percent; (2) spare parts and 
capital plant upgrades ≈ 10 percent; (3) taxes and insurance ≈ 10 percent; (4) operating cost 
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contingency ≈ 5 percent; (4) general operating and maintenance costs ≈ 2 percent; and (5) 
miscellaneous operating and maintenance costs ≈ 1 percent; and are accounted for in operation 
and maintenance factors (OPFs). 
∑×=
i
iannualizedoperations OPFCostCost  
APPARENT COST  OF ELECTRICITY  









iannualizedoperationsannualizedtotalannual OPFCostCostCostCost 1   
The cost of electricity (COE) is then calculated by dividing the total annualized cost by the 
energy generated. 
( )








These formulae have been used to predict the cost-of-electricity from each of the hybrid options, 
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Summary 
In the future, the deployment of advanced systems for naval applications will require the use of 
renewable sources of energy in remote locations, including solar irradiation, thermal-gradients, 
wind power, ocean waves and ocean currents. Energy conversion technologies necessary for 
harvesting energy from these sources are covered in separate reports, and include: (1) 
photovoltaic devices; (2) thermoelectric generators, including those with radioisotope sources; 
(3) thermionic convertors; (4) fuel cells; (5) wind and water turbines; and (6) wave generators. 
Harvesting energy such energy requires not only energy conversion technology, but also reliable 
and economically viable energy storage systems. This trade study compares several candidate 
energy storage technologies including: (1) lead-acid; (2) silver-zinc; (3) nickel-cadmium; (4) 
nickel-metal hydride; (5) lithium-ion; (6) sodium-beta batteries, including the sodium-sulfur and 
ZEBRA systems; (6) nickel-hydrogen; (7) regenerative fuel cells; and (8) electrolytic super 
capacitors. These technologies are relevant for a wide variety of applications, many of key 
importance to the war fighter, including but not limited to wireless communications, portable 
computing, uninterruptable power systems, various robotic systems, including but not limited to 
well-known robots such as Talon, electric and hybrid electric vehicles, more exotic vehicular 
applications such as manned and unmanned underwater vehicles, and various aerospace 
applications including satellites.  
The SEA-designed Zn-Br batteries claim 65-75 Wh/kg, 60-70 Wh/L, 90-110 W/kg, 83-101 W/L, 
and 2000-3000 charge-discharge cycles, at a cost of approximately $400/kWh. More recent 
systems are quoted as having more conservative performance than then SEA design of several 
years ago: 34.4-54 Wh/kg, 15.7-39 Wh/L, 2000 charge-discharge cycles, an electrical efficiency 
of 70%, and a cost of $400 per kWh. The system is said to be scalable to capacities ranging from 
10 kWh to over 500 kWh. For comparison, modern lithium ion cells are capable of achieving 
74–1100 W/kg, 147–2270 W/L, 182–225 Wh/kg, and 359–400 Wh/L, and a life of 400–1,500 
charge-discharge cycles. Conventional high-temperature sodium-sulfur cells can only deliver 
117-226 Wh/kg, 147-370 Wh/L, 250-390 W/kg, 386-604 W/L, and 3000-4500 charge-discharge 
cycles, at a cost of approximately $220/kWh. 
The authors have compared the predicted performance with regenerative fuel cells developed for 
space exploration compared to these options. Designs with light-weight aerospace materials 
could push the specific energy and energy density of this technology beyond that achievable with 
the best projections for conventional lithium ion batteries, perhaps in excess of 1,000 Wh/kg. 
Regenerative fuel cells also appear to have the capability to exceed predictions for the best 
possible performance achievable through the incorporation of nano-structural active materials 
into lithium ion cells. Unfortunately, the relatively low specific power and power density of fuel 
cell systems may require that they are hybridized with electrolytic or other types of super 
capacitors to compensate for the mass-transport limitations inherent in air-breathing cathodes. 
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